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FOREWORD 


O NE OF THE MOST notable contributions to the history 
of physiolog)' was the discovery of the excitability of 
the motor area. That the existence of such an area was 
established independently by two different groups is remarkable; 
Hughlings Jackson in England concluded through clinical study 
of cases of focal seizure that a motor area must exist, while 
Fritsch and Hitzig demonstrated the existence of the excitable 
cortex by direct stimulation of the forebram of animals. Since 
1870 when these disclosures were made the motor and adjacent 
areas of sensory and motor function have been intensively 
studied, but save for Ferner’s and Sherrington’s studies on the 
effects of regional ablation of the motor area and Sherrington's 
more detailed anaij’sis of its excitable properties, progress during 
the next sixty years (1S70-1930) was less rapid than one might 
have anticipated. The relations of the motor area to subcortical 
nuclei, as well as to other regions of the cerebral cortex, were im- 
perfectly understood. largely because existing techniques had 
failed to bring to light means of analyzing the organization of 
the cerebral cortex as a xohoie. New techniques ^\ere needed — 
and new horizons. 

In 1924 Dusser de Barcnne, of Utrecht, visited Sherrington’s 
Laboratory in Oxford with a request that Professor Sherrington 
help him in applying his strychnine technique in the analysis of 
the sensory cortex of monkeys. Sherrington willingly gave him 
the benefit of his wide experience in the handling of monkeys, 
and Dusser de Barenne inaugurated his now celebrated study on 
sensorj' localization in the primate cerebral cortex. 

When Dusser de Barenne came to Yale m 1930 ho brought 
with him his new procedures and, with the collaboration of 
Warren McCulloch and a group of other colleagues, many of 
them skilled in the techniques of electrical recording, he con- 
tinued a sj'stematie study of the cerebral cortex and interaction 
with various subcortical structures, as well as with the interrela- 
tions of the various cytoarclutectural regions of the cortex itself. 
Developments occurred with almost lightning rapidity, and in 
the ten years m which Dr. Dusser de Barenne was active at Yale 
one paper followed another, but no opportunity came to sum- 
marize the results of his brilliantly conceived research program. 
Indeed, several years have been required to appreciate the full 
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significance of what he had accomplished in this brief decade, and 
had bequeathed to his group of distinguished pupils: Warren 
McCulloch, Gerhardt von Bonin, Percival Bailey, and Hugh 
Carol, as well as many others whom he had influenced less 
directly. 

It has fallen to the Neuropsychiatric Institute of the Univer- 
sity of Illinois to carry the mantle of Dusser de Barenne, and to 
all those who concern themselves with the physiology of the 
nervous system it will be a source of particular satisfaction that 
through Dr. Paul Bucy’s energy and leadership a full-length 
summary of the latest developments of the physiology of the 
precentral motor region of the cerebral cortex is now to become 
available in monographic form. The University of Illinois and 
Its Press are to be congratulated at being able to foster, as well 
as sponsor, this highly significant contribution to the knowdedge 
and literature of neurolog}'. Fuuton 

Yale University 



PREFACE TO THE SECOND EDITION 


W HEN the first edition of this monograph was puWishec) in 1944 
it was not anticipated that another edition \\ould ever appear. 
It was recognized that the material set forth at that time rep- 
resented a summary of information in a field in which very actne investi- 
gation was carrying us forward rapidly. It was hoped that the progress 
which was being made would soon make that monograph so out-of-date 
that nothing sliort of a completely new presentation of the subject of the 
cerebral cortical mechanism responsible for the control and production of 
muscular activity would suffice. The popularity of the monograph has 
exceeded our expectations. Progress has been made but the subject has 
not yet advanced to the point where a completely new presentation is 
required. The discovery of the second motor and sensory centers by 
Adrian (1941), Woolsey (1943. 1944). Woolsey and Wang (1945), and 
Sugar, Chusid, and French (1948) is one of the most intriguing new de- 
velopments. As yet. however, our understanding of these is not sufficient 
to allow’ us to correlate their activity with the activity of other cortical and 
subcortical centers We have decided therefore to re-issuc the monograph, 
making only such alterations as are necessary to eliminate errors and bring 
the text up-to-date. It is not anticipated that there will ever be another 
edition of this book. The next requirement will be for a completely now 
treatment of the subject. p q g 
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Chapter I 


INTRODUCTION 

Paul C. Bucy, M.S., M.D. 

Professor of >.'eurologv and Neurological Surger>’ 
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INTRODUCTION 


K XOUXEDGE of the FUXCTIOXAL ACTI\TTY of the cere- 
bral cortex and its relation to the complex structure found there 
has lagged and is still lagging far behind our knowledge concerning 
the rest of the nervous system. Only the basal ganglia share this dungeon of 
ignorance with the cortex. Recent j'ears have seen some advance with 
regard to two areas of the cortex — the area striata and the precentral 
region. Our familiarity with the structure, connections, and functions of 
the striate area of the occipital lobe has been achieved principally by the 
researches of Polyak, Brouwer, and Holmes. The available information in 
this field is now being collected and published by Polyak. 

Roncned interest in the precentral region was stimulated by the ob- 
servations made by Otfrid Foerster on the electrical excitability of the 
human cerebral cortex. The recent clarification by experimental means of 
the many problems concerned with this interesting phase of cerebral 
physiology’ was begun in the laboratories of Dr. John F. Fulton at Yale 
University. From that focus, interest spread in ever widening circles to 
many of the laboratories and clinics of this country. 

It can not bo assumed that all the mysteries of the precentral region 
have now been laid bare. But it does seem that we have now reached a 
stage in our investigations in this field where we can advantageously 
bring together in one \olumc the results of the now widely divergent 
researches. In preparing tins volume we have been fortunate m having the 
billing and enthusiastic collaboration of the people who have done much 
of the original investigation. 

Several problems have confronted us. The principal of these is con- 
cerned with what is to be included in this volume — with what is meant by 
the Precentral Motor Cortex. Obviously the precentral region does not 
function independently of the rest of the cortex, and if those other parts 
of the cortex in any ^Aay concerned with the activity of the precentral 
region vere to be included in this discussion the volume would have to 
encompass the entire cerebral cortex 

The editor regards the precentral motor cortex as the principal efferent 
or effector cerebral cortical mechanism by which the brain expresses its 
activity through the skeletal musculature. The portion of the precentral 
region principally so engaged is the cj’toarchitectonic areas 4. 6. and 44. 
These areas and their subdivisions have another characteristic in common. 
They are the part of the cortex in ^^hich the thalamocortical projections 
from the ventrolateral nuclei of the thalamus terminate. 
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Although area 8, the frontal motor eye fields, was not included in the 
term precentro^ motor cortex, it seemed well to include a discussion of it 
in the volume for two reasons. It, too, is concerned with the voluntary 
innervation of striated musculature, the extra-ocular muscles, and it func- 
tions as a suppressor area having many of the same characteristics as area 
4s. Areas 18 and 19 Mere not included, although they, too, innervate the 
ocular musculature and although area 19 is a suppressor area, because their 
control over the ocular muscles seems to be more of a reflex automatic 
activity than of a conscious voluntary control, and because they are not 
precentral. 

Brief consideration is also given to the anterior limbic area, which 
occupies the anterior part of the cingular gyrus, and the area orbitalis 
agranularis. Both of these lie in the frontal lobe and, although not directly 
precentral, bear an obvious spatial as well as functional and anatomical 
relationship to the precentral motor cortex. The anterior limbic area is an 
important part of the suppressor system and closely related to areas 4s 
and 8 (cf. Chapter VIII). The agranular area on the orbital surface is also 
an important part of the frontal efferent or effector system. It appears to 
be primarily concerned with the cortical control of respiration and possibly 
other vegetative functions, just as the precentral motor cortex is concerned 
with the cortical control of skeletal musculature and of such vegetative 
functions as vasomotor and gastrointestinal activity (cf. Chapter XI). 

Within the precentral motor cortex we have been at considerable pains 
to achieve a subdivision which was of anatomical and functional signifi- 
cance and a terminology which Mas as much as possible m keeping with 
what we believe to be current usage. On this basis we have designated the 
area gigautopyramidahs as area 4y (this is area FAy of von Econonio and 
Koskmas) The precentral suppressor strip of Marion Hines was desig- 
nated as “the strip” by Hines and, ni keeping with that, as “area 4s” by 
Dusser de Barenne, McCulloch, and their co-workers (fig. 101, p 267). This 
usage by those ivho have done the most to elucidate this area is respected 
m the present volume, although the editor admits to more than a little 
dissatisfaction with the term 4s, which implies a more intimate relation- 
ship with area 4, as compared to area 6, than the facts fully justify. 

We are at a considerable disadvantage in studying the human brain 
because it differs from the subhuman primate brains in that it has a neiv 
area, essentially devoid of gigantic pyramidal cells of Betz in the fifth 
cortical layer, between the area gigantopyramidalis and the strip 4s Our 
knoMledge of the various electrical characteristics and functional activities 
of this neM’ area, found only m the human brain, is so limited as to be of no 
use to us in classifying this area. Microscopically it docs not differ ina- 



Introduction 


5 


terially from area G. although it differs decidedly from area 4y behind it and 
area 4s in front. Having committed ourselves to calling the precentral sup- 
pressor strip 4s, it seemed best to designate this new area as 4a, and thus 
include it with the other areas 4. rather than to give it a separate designa- 
tion or to label it as a subdivision of area 6. Our area 4a is comparable to 
area FA of von Economo and Koskinas and to area Ca* as drawn on the 
maps of the human cortex by the Vogts (fig. 3a, p. 12. and fig. 99, p. 264). 
The microscopical characteristics of these areas are carefully defined in 
Chapter II. In view of these facts and our limited knowledge concerning 
the physiological activity of the human area 4 and its relation to the ex-, 
periniental characteristics of areas 4 and 4s in animals, the actual termi- 
nology is of secondary importance. Furthermore, our designation of this 
area as 4a in the numerical scheme of terminology is m keeping with the 
designation of this same area as FA by von Economo and Koskinas. 

The agranular area immediately anterior to area 4s has been designated 
as 6. Since we have been unable to convince ourselves that there are any 
significant subdivisions, the designations 6ao and 6a/8 of the Vogts have 
been abandoned. 

The most antcroventral part of the precentral region or subsector was 
designated area 6b by the Vogts (fig 99, p. 264). However, as is pointed 
out in Chapter II. its microscopical appearance differs considerably from 
that of area 6a of the ^'ogts. Whereas area Ca is definitely agranular, area 
6b contains a “faint but nonetheless distinct inner granular layer” which 
has caused all investigators to designate it as dysgranular. Furthermore, it 
does not respond on electrical excitation like area 6a (cf. Chapters IX and 
XI), and when studied by Dusser de Barenne’s technique of physiological 
neuronography (Dusser de Barenne, McCulloch, and Ogawa, 1938) it lacks 
the characteristics of area 6a. It is thus obvious that the terminologj’ “6a” 
and “6b,” which implies a similarity between the two areas, is misleading. 
Accocdiugly, at the suggestion of Dr. Pecclval Bailey, we have adopted 
“area 44” as the designation for area Cb of the Vogts. This terminology 
implies a homologj' between area Gb (Vogts; fig. 100, p. 266) m the 
monkey and area 44 of Brodinann (fig. 2a, p 11) and area FCBm of von 
Economo and Koskinas (fig. 3a, p. 12) in man which is thoroughly sup- 
ported by microscopic examination (see Chapter II). We have also dropped 
the “a” from “area 6a,” and this agranular frontal cortex lying anterior to 
area 4s now becomes area G, returning again to the original terminology of 
Brodmann. However, it should be noted that he did not differentiate 
between area 6 and area 44 in the lower precentral region of the monkey. 

Throughout this monograph we hai’e attempted to use the terminology 
for the thalamic nuclei which was employed by Walker in liis monograph 
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(see Chapter IV, and fig. 105, pp. 284-285). Thus, that portion of the 
lateral nuclear mass which projects onto the precentral motor cortex is des- 
ignated as the ventrolateral nucleus. This is the nucleus m which the cere- 
bellar fibers passing through the brachium conjunctivum (Chapter X), and 
probably fibers from the lenticular nucleus, terminate The ventropostenor 
nucleus, composed of the ventroposterolateral and -medial nuclei, lying 
in the posterior part of the lateral nucleus mass is the recipient of impulses 
over the spinothalamic tract, the medial lemniscus, and the trigemino- 
thalamic pathway, and it projects to the postcentral gyrus. 

The authors who have contributed to this monograph are familiar with 
their subjects through firsthand experience. Each author is pre-eminent in 
the field which he has presented Accordingly, the editor has not seen fit 
to quarrel with any of them about the stated facts or the expressed opin- 
ions, but has been content to insist only that they express themselves as 
clearly as possible and explain their opinions and show their evidence as 
fully as space permits. That there are differences of opinion and disagree- 
ments between various authors in this monograph disturbs the editor not 
at all. It could not be otherwise among a group of intelligent, industrious 
scientists who are at the moment busily engaged in determining and in- 
terpreting the facts in this active field of neurological investigation. Com- 
plete agreement, or one-sided dogmatic statements on controversial issues, 
would not represent the true state of knowledge and opinion m this field 
at this time. 

At the suggestion of Dr. Warren S. McCulloch and Dr. Gerhardt von 
Bonin, there is included in this monograph a translation of the excellent 
though old, unfamiliar, and long-neglected paper by Bubnoff and Heiden- 
hain (1881) on the physiology of the precentral cortex This paper deals 
primarily with the electrical excitability of this region. Although some of 
its material has been publicized by other investigators, it is reproduced 
here in its entirety for several reasons* first, because m its original form it 
has not been readily available to all readers; second, because it is un- 
familiar even to many who work intensively in this field; third, because its 
authors have not received just credit for their work; and fourth, most im- 
portant of all, because it sets forth the facts clearly and concisely. The ex- 
cellent translation has been prepared by Drs. Bonin and McCulloch 

This volume does not represent a final expression of fact and opinion 
on the precentral motor cortex It is but a summing up of the important 
findings to date, so that those who would know what has thus far been 
accomplished and those who would carry on from here may ha\e available 
a coherent summary and a guide to the literature for their ready acqui- 
sition of know ledge at a saving of their time. 
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Prefatory Note 

It is our belief that the usual omission of layer IV from the precentral 
agranular cortex is conducive to erroneous thinking. The importance of 
any structure resides in its function. The thalamocortical afferents termi- 
nate in the outer stripe of Baillarger. The region containing this stripe has 
been called layer IV in the postcentral but the lower part of layer III in the 
precentral cortex It should, however, be referred to as layer IV in all areas 
of tlie neocortex, and we have done so in this chapter. — Bonin and Buci. 
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E ach THALAillC nucleus which is connected with the cerebral 
cortex sends radiations onlj* to a circumscribed part of the cortex 
(cf. Chapter U’). It is thus possible to define a cortical “sector" by 
the thalamic nucleus from which it receives impulses It is true that certain 
parts of the cortex do not receive any radiations from the thalamus. Some 
of them are in such close functiona] relation with cortical areas receiving 
thalamic radiations that they form a natural unit with them. The para- 
striate area, for example, should be included with the striate area in the 
visual or occipital “region." Other parts, as perhaps areas 21 and 22, form 
a separate region by the very fact that they are devoid of thalamic radia- 
tions. Pursuing this thought, it is then possible to define a “central sector" 
by its property of receiving thalamic radiations from the lateral nuclear 
mass, a “frontal sector" by its radiations from the dorsomedial nucleus of 
the thalamus, and a “limbic sector" by its radiation from the anterior 
nucleus. It is further possible to sutKhvide the central sector into several 
parts. A precentral subsector receives radiations from the ventrolateral 
nucleus. These radiations conduct impulses originating in the cerebellar 
cortex and. according to Papez and Stotlcr (1940) and to Pnpez (1940b). 
in the pallidum. There folloTvs occipitad a postcentral subsector connected 
with the posteroventral nucleus which receives the medial lemniscus and 
the spinothalamic tract, and a third parietal subsector receiving its radia- 
tions from the pulvinar. The detailed organization of the postcentral and 
parietal subsectors is not clear at present but need not concern us in this 
monograph. 

The precentral motor cortex proper can then be defined as the pre- 
central subsector. Its description forms the bulk of this chapter. In close 
functional connection with it are three other areas: (1) The cortical area 
just in front of the precentral motor cortex, which Brodmann (1909) called 
S (fig. 2) and von Econorao and Koskinas (1925) FC (fig. 3). It is the 
frontal suppressor area (cf. Chapter VIII) and the frontal oculo-motor 
area (cf. Chapter XII). (2) The area orbitalis agranularis. area 47 of Brod- 
mann and FFa of von Economo and Koskinas. It is concerned with respir- 
atory mo\ements (Bailey and Sweet. 1940). (3) Finally the anterior 
limbic area, Brodmann s 24, von Economo and Koskinas’ LA and Rose’s 
area infraradiata. It is the “limbic suppressor area.” A brief description of 
these areas will be given in the fourth part of this chapter. The “second 
motor area” on the infraparietal plane (the superior wall of the Sylvian 
fissure in the frontal and parietal region), which Sugar, Chusid, and French 
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(1948) discovered in the macaque and which is also present in the chim- 
panzee, doubtless also has important functional connections with the 
precentral motor cortex. It has not received consideration here because of 
the lack of adequate and detailed information at this time. 

The following nomenclature will be used- The term “sector’ defines 
a part of the cortex, characterized by its thalamocortical connections The 
term “subsector” and, for the sake of variety, the term “cortex,” in such 
combinations as “precentral motor cortex,” will be used much more fre- 
quently Its definition should be clear from the foregoing discussion The 
term “area” designates a cytoarchitectural entity. The term “field” is 
applied to a functional subdivision of an area, eg., to the “leg field,” etc. 
A group of functionally related areas is called a “region ” 

It IS assumed that the reader is familiar with the architecture of the 
cortex It has been ably set forth by such authors as Lorente de X6 
(1943), von Econorao and Koskinas (1925; cf. fig. 3), 0. and C Vogt 
(1919), Cajal (1911), Brodmann (1909, 1914, 1925; cf. fig. 2), and Camp- 
bell (1005; cf fig. 1), to mention but a few. 

Some points of cortical architecture may be summed up thus: 

Afferent fibers from the thalamus form an axonal plexus in the outer 
stripe of Baillarger. situated in what cytoarchitecturally is known as 
the fourth layer and in many areas spilling over into layer ihc. Associa- 
tional and commissural fibers break up m the stripe of Kaes-Bechteren in 
layers ii and iiia and in the inner stripe of Baillarger in layers vc and vi. 



Fic 1 — Map of the lateral surface of the humin coHcx After A W Camiibell (1905), 
b% peniii-v-ion of The Mftcmillaiv Co . X Y 







Fifl 3& — Map o( the lateral surtace oC the humao coTte\ After sea Economo and Kos- 
kinn« (1925) Frontal and parietal opercula are pti-hed up to ahon island of Ret) 


Fs 



Tifi 3b— Map of the medial surface of the homan cortex After xon Economo and 
Koskmas (1925) 




The Architecture 


13 


Corticifugal fibers arise from pyramidal cells in layer vb, such as the giant 
Betz cells in the motor cortex and the solitary cells of Weynert in the 
visual cortex. These “efferent” cells can only indirectly be influenced by 
incoming impulses via “internuncial” neurons. 

Analysis of the motor cortex is impeded by the fact that the defi- 
nitions of cytoarchitecture are too narrow. They are based on cell size, 
cell density, and. to a lesser degree, on cell shape. Cytoarchitecture fads to 
take into account the axonal (or dendritic) plexuses. Yet it so happens 
that within the precentral subsector that stratum which contains the outer 
stripe of Baillarger does not differ from the other strata in respect to cell 
size or cell density. This cortex is therefore frequently described as “agran- 
ular,” a statement usually interpreted to mean that the fourth layer is 
absent. As we shall see, however, an outer stripe of Baillarger. i.e., an 
axonal plexus of specific afferents, is present. A stratum which has the 
function elsewhere subserved by a fourth layer exists, therefore, in the 
motor cortex as well as anywhere else. Many difficulties vanish if the 
definitions of cortical layers arc cast in broader terms. 

SUBHUMAN PRIMATES 

It is doubtful whether the definition of the precentral subsector just given 
is workable for all classes of mammals. In the rat. at any rate. Lashley 
(1941) found “no evidence that any fibers go from the ventral nucleus’ to 
the Regio prccentralis of Brodmann and Rose.” Krieg (1947) similarly 
states that for the rat there is “no evidence that area 4 receives projec- 
tions from any thalamic nucleus.” In (he ca(. on the other hand. Waller 
(1940) found fibers from the “ventral anterior nucleus”' to reach the 
motor cortex. 

The sketch to be given on the ensuing pages, however, aims at cstab- 
fchwg Uend of antbvo- 

pogenesis only during the primate 
stage Even oithm this group it 
deliberately concentrates on but a 
few species. Some of these are 
laboratory animals, ohile others 
are alluded to because they il- 
lustrate interesting phylogenetic 
steps. A review of the motor cor- 
tex. in the narrower sense of the 
term, was given by E. Huber 
(1934). 

'The “\ontral nucletis" of I..»'hlcy (1910) and Waller (1910) forms part of the lateral 
nuclear mass of Walker 



Fic 4 — ^The precentral motor cortex of the 
<;aIago lemur Compare with figs 6, 8, 9, 17, 
and fronti'piece 
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We are sometimes forced to estabbsh homologies indirectly. It is known 
of numerous animals that the precentral motor cortex shows a very charac- 
teristic cytoarchitecture, and it is by this criterion, as well as by physio- 
logical experiments, that we distinguish the motor cortex of those animals 
m which the thalamic radiations are not yet known 


Lemurs 

In the Galago (fig. 4), a small lorisiform lemur with an almost lisseii- 
cephalic brain, the precentral motor cortex can be recognized by its cyto- 
architecture (fig 5) an account of which was given by Zuckerman and 
Fulton (1941) and by Bonin (1945) Bomn subdivided the precentral 
motor cortex of the Galago into three areas (cf. fig. 4) Two of these are 
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agranular while the third shows a thin inner granular laj'cr. The posterior 
part of the agranular cortex contains rather large pyramidal cells in the 
fifth layer nhich nobody mil hesitate to identify as the giant cells of Betz. 
Thus, the presence or absence of Betz cells allows us to define two areas 
corresponding to Brodmann's areas 4 and C as described by that author 
(1909 and 1912) in Lemur macaco, and bj' Mott and Kelley (190S) in 
Lemur brunne^is, mongoz, and catta The division into a motor cortex- 
proper. and. to introduce a term coined by Herrick (1926) and taken up 
by Fulton (1936), a premotor cortex, is clearer in primates than m any 
other mammalian class studied thus far. The third (dysgranular) area 
occupies the anteroventral pari of the precentral subsector, and by virtue 
of its topological relations has to be called area 44. 

Platyrrhine Monkeys 

Hapale. The cortex of Hapale ( Peden and Bonin. 1947) closely re- 
sembles that of Galago and alouatta in its cjdoarchitecture. Peden and 
Bonm recognized areas F.\ FB. FCBin. and FF which are, in the nomen- 
clature employed hero, areas 4. 0. 44. 
and 47 respectively. 

Alouatta (fig. 7) — The brain of 
alouatta was briefly mentioued by C. and 
0 Vogt (1936). It IS one of the most 
primitive gj-rencephahe brains of which 
we have information about the motor 
area. From the figure given by the Vogts 
it appears that the Betz cells are com- 
paratively small (fig. 7) and that the 
posterior margin of area 4 does not coin- 
cide with the central sulcus, but runs for 
a long stretch well in front of it (fig 0). 

Cebus (fig. 8) — The cortex of the cebus was described by Bonin 
( 193Sa). but m that account the definition of the precentral cortex adopted 
here was not clearly grasped. A comparison with other forms, particularly 
with the macaque, justifies the statement that the precentral motor cortex 
of the cebus consists of three areas. In the terminology of the paper just 
cited these are the area gigantop>Tainidalis. homologous to Brodmann's 
area 4, the area preceiitralis simplex, homologous to 6a of C. and 0 A’ogt 
(1919). and the area front o-opercularis, homologous to 6b of C. and 0. 
Vogt. The posterior boundarx' of the precentral motor cortex coincides 
largely but not completely with the central sulcus. 

Tlie histological details differ little from those found in tlie macaque 
They were described in detail m the ongiiial publication. 



Fic 6 — Oiitlmc of the liemi'iihen 
of .tlouattj Redrawn .ifier C <L 0 
Vogt (1936, fig 56). tc. central miU 
cii'. 4. are.» 4 Compare with fig- 
4, 8 9. 17, .ind fronti-piece 



Fia 7— Motor cortex of aioualla After C & 0 VokI (1936 Sr S7) Section tliroiigli tht 
ccnti il sulcus, area 4 to the left Note that .ilmo't the whole of the anterior wall of the cen- 
tral suloua la taken up by area 3 ComiMrc with figs 5, 10, 18, and 29 



j K, 5, — T|,l inotoi eortex of cebu'* Redrawn after lionin (1938a) Coinpirc witli fic- 4, 
G 9 17 md (louti'jHcce 
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Caiarrhine Monkeys 

Macaque (fig. 9) — In the macaque, the precentral subsector can be 
defined by its thalamocortical connections, well known from the work of 
Walker (]93Sa). Le Gros Clark (1932b), and various others. The cyto- 
architecture of the neocortex of the macaque was described recently by 
Bonin and Bailey (1947). and its my'eloarchitecture was analyzed by 
Mauss (1908). Further data on the motor area were given by Melius 
(1905). Xanagas (1923). Lassek (I94Ib). and others. The motor area 
proper (fig. 10) shows the same features as that of other primates. Just as 
in the galago, the giant cells of Betz are not restricted to area 4, but are 
also found in the postcentral and even m the parietal cortex (Levin and 
Bradford. 193S; cf also Chapter V). From the writer’s limited experience 
it would appear as though the macaque were unique in the number of Betz 
cells found m the parietal lobe. Neither the cebus nor the mangabee 
(cercocebus), one brain of which could be examined in a sagittal series, 
nor even the chimpanzee show any giant cells in the parietal cortex, and in 
man they are limited to areas PA and PEy of von Economo and Koskinas. 
Within area 4. the giant cells show what Brodmann called a multilaminar 
arrangement. In the precentral subsector of one hemisphere Lassek 
(1941b) counted 18,845 Betz cells. 

Close to the anterior border of area 4 there is in some brains a narrow 
zone containing conspicuously large cells in layer tva (fig. 11). It corre- 



Fjc 9 — The prprentrjl niofor fortrr of the mariqiic For nuiHber? of area*, see teat The 
>.\inbol A in am 3 indjejte» mereh the presence of IJet* cell-, there, not the hi'tological 
structure of thi' .irei Corajurc njth fig- 4, 6. S. 17. jnd frontispiece. 



I'lt. 10 — Arod 4 of Ihe mncjquc, in Ihe depth of the ccnfrdl Section j 

John Hdinilton foi the fate Dr Du'mt dc Birenno Xofc Iran-ilion between irea 
axKl d!o I i (iicla) MdgnifiCdlion about 45 1 Corapaic Hifh fig' 5, 7. 18, 29, and 30 
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contains a faint but nonetheless distinct inner granular layer. It is, 
in the nomenclature of the Vogts and their collaborators, dysgranular. not 
agranular. It also shous a narrower third layer than area 6. Its fifth layer 
can be divided into two sublayers, of which the lower one is poorer in cells. 
The sixth layer is much narrower in area 44 than in area 6. The \’ogts 
subdivided their area 6b once more into 6ba and 6b^. Dusser de Barenne. 
McCulloch, and Ogawa n938> were unable, however, to confirm this sub- 
division by the method of physiological neuronography, and it has not 
been retained here As will be fully explained in Chapter ^TII, the leg and 
arm fields of the precentral motor cortex consist of areas 4. 4s, and 6. while 
the face field consists of areas 4 4s. G. and 44. 



Fin 11 — Area -Is of the macarjuc Section prepared by John Hamilton for the late Dr 
Du'-«er de Barenne Note the large pyramuLii cells in lajer ti to the left Magnification 
about 15 1 Coroj'ire »j{b fig' 19 and 32, *^^e t€Xt pp 17-18 
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The fissural pattern of the brain of the macaque (fig. 14) has been 
surveyed by Mettler (1933) and by Bonin and Bailey (1947). The account 
to be given here is based on the study of brains (given to the uriter by 
Dr. I. Schour) which had been hardened in situ and removed after several 
weeks, and of the brains in the collection of the Illinois Neuropsychiatric 
Institute which had been used by Dusser de Barenne and JMcCulIoch for 
their experiments. Altogether, about 25 brains were available. 

The most conspicuous landmark of the precentral subsector is the 
central sulcus (ce). The term “sulcus of Rolando” is probably used almost 
as frequently as its “official” name. It runs from a point close to the dorsal 
margin of the hemisphere in a veutrofrontal direction to a point close to 



KiG 12 — Area 6 of the raacaqtie Section prepared bj John Hamilton for the laic l>r 
Dusser de Barenne Note the columns of cells Magoificition about 45 1 Compare with 
fig 33 
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the Sylvian fissure. Encephalometnc data pertaining to the central sulcus 
are given in Table I. The rolandic index is obtained by measuring the dis- 
tance of the (ideal) endpoint of the central sulcus from both frontal 
and occipital poles and expressing the former quantity as a percentage of 
the latter. For the mesial index the distances of the upper endpoint at the 
dorsal margin of the hemisphere and for the lateral index the distances of 
the lower endpoint at the Sylvian fissure are taken. The technique has 
recently been discussed in detail bj* Bonin tl9-il). The central sulcus is 
generally S-shaped and shous a distinct curve convex frontad near its 
ventral end. where it bends variably backward The lower end of the sulcus 
mav form a pronounced hook or mav show no more than a slight occipitad 
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deviation from the course of the main part of the sulcus. Hines (1933) 
states that the central sulcus may occasionally cut into the dorsal margin 
and run for a short way on the medial side of the hemisphere We have 
never observed this. The central sulcus is fairly deep in its whole course 
There are no submerged gyri unthm it m any of the macaque brains which 
the writer has been able to examine. 

The lateral, or Sylvian, fissure (la) forms the lower boundary of the 
precentral motor cortex and should for that reason be mentioned, although 
Its greatest part lies outside this subsector. After it has emerged onto the 
lateral side of the brain it takes a sweeping course occipitad and slightly 
upward. It does not give off any side branches cutting into the precentral 
motor cortex. 

The arcuate sulcus consists of two rami, a superior (rsa) and an in- 
ferior one {ria). Broca (1888) called the sulcus “sillon courbe frontal” 
According to Marchand (1893), Mirigazzmi introduced the Latin transla- 
tion arcuate sulcus into the literature. Kukeiithal and Ziehen (1895) called 
the rami g and g', and used the symbol g" for the short backward con- 
tinuation of the superior ramus which is sometimes present. 

The superior precentral sulcus (pres) is generally a small dimple a few 
millimeters long. It was designated as z by Kiikenthal and Ziehen, and 
was shown, but not labelled, by Gromier (1874). According to Kukenthal 



Fic 14 — The fissural pattern of the lateral side of the coitex of the macaque Abbrein- 
tions ce, s centralis (of Rolando), ee, s calcarmus extemus, /o, s fronto-orbitahs, ip. b 
intraparietalis, I, s limatus, la, lateral fissure (of S>lriutp); oi, b occipitalis inferior, ot, s 
occipito'temporalis, pol, incisura paneto-occipitalis lateralis, prea, s praecentralis anterior, 
pres, s praecentralis superior , r, s rectus, na, ramua inferior, a arcuatiis, rsa, ramus superior, 
s arcuatus, sea, s subcentralis anterior, sep, s subcentralis posterior, tm, s temporalis medium, 
Is, s temporalis superior 
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Table I 

ROLANDIC INDICES 


A. After Cunningham (1892) 

• ^festal Lateral 

B, After Connolly (1936) 

Mesial 

Lateral 

Man (82)* 

53 3 

43 3 

Man White (10)* 

57 6 

40 5 

Chimpanzee (41 

.55 q 

.19 2 

Negro (.17) 

57 1 

39 3 

Macaque (5) 

50 0 

40 3 

Mala\ (10) 
Chimpanzee (5) 

fiO 0 
f.l 8 

38 7 
3G 3 


C. After Bonin (1941) 

Meiial Lateral 

Man (25)* 4 ± 6S 41 0 ± 44 

Chimpanzee (10) 59 05 + SI 3G 1 ± 1 14 

Maeaque (11) 53 S ± 51 3S 2 ± 75 



Test of Significance of Bonin's Figuresf 

Man Chimpanzee 

Macaque 

Man 

0 

+ 

Chimpanzee 

+ 

+ 

Macaque 

0 0 



* Numbers m pinnthms indirsle lh« nucn>>er of rettbral hen>i<i'here< s^smiiieii 
t Upper right mesial Rolsndie m<l<s. loner led lateral RolaiKlir indet 

and Ziehen, it has a transverse position in the brain of the macaque, while 
it is generally sagittal in cynocephalus. It is this sulcus, and not the one 
labelled /i by Mettler which Kukenthal and Ziehen call the superior pro- 
central. The anterior precentral sulcus (prea) is a small dimple in front of 
pres which Kukenthal and Ziehen labelled “z'”. Cunningham called the 
same sulcus the first frontal. Still further in front, forming almost a con- 
tinuation of the superior ramus of the arcuate, Kukenthal and Ziehen 
showed a short transverse furrow which they labelled /. A small dimple on 
the frontal operculum was given the letter A' by Kukenthal and Ziehen, 
and called subcentralis anterior by all other authors. 

The posterior boundar)' of the precentral subsector coincides with the 
central sulcus. The ventral continuation of this sulcus cuts into area 43 
(PFC of Bonin and Bailey). The map of C. and 0. Vogt (1919) and Bucy's 
(1935b) maps D and G show area 3 to extend m front of the central sulcus. 
Bonin and Bailey (1947) believe this to be an erroneous interpretation. 
The anterior boundary’ coincides fairly closely, as Bucy’s figures indicate, 
with the arcuate sulcus. However, the relation between this sulcus and the 
areal boundary is more unstable than that of the central sulcus. The border 
between area 44 and area 6 is marked bj’ the sulcus subcentralis anterior. 
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Within the precentral subsector, area 4s when present is found close to the 
superior precentral sulcus. 

Anthropoids 

Chimpanzee — In the chimpanzee, thalamocortical connections are well 
known through the work of Walker (1938b). The cytoarchitecture of the 
cortex was studied by Cajnpbell (1905; fig. 15). His map is unsatis- 
factory, for he fails to differentiate as many areas as have been identified 
subsequently, either anatomically in closely related forms or physio- 
logically in the chimpanzee itself. IHauss (1912) gave a myeloarchitectural 
map of the orang, (fig. 16) which, for want of a better map, may be used 
for the chimpanzee, since the brains of these two anthropoids are very 
similar. Some parts of the chimpanzee's brain have recently been worked 
out in greater detail Strasburger (1937) gave a detailed myeloarchitec- 
tural study of the frontal lobe, and Gcrhardt (1938) studied the parietal 
lobe in the same way. Both papers emerged from the laboratory of C. and 
0. Vogt, and the criticism that can be leveled against the extreme parcel- 
lation of these authors applies with equal force to the results of their 
co-workers. Kreht (193Ga). also under the guidance of 0. Vogt, published a 
cytoarchitectural study of the third frontal convolution. 

The description of the cytoarchitecture of the chimpanzee's precentral 
motor cortex is mainly based on studios by Bailey, Bonin, and McCulloch 
to be published shortly. 

The chimpanzee (fig. 17) shows the same areas within the precentral 
motor cortex that were found in the macaque (4, C, and 44). The most 
posterior of these is area 4. However, if Brodmann’s definition of area 4 
as the area gigantopyramidahs is adhered to, then the posterior border of 
this area is not identical with that of the agranular precentral motor cortex. 
In the chimpanzee there is a narrow strip of agranular cortex between the 
granular postcentral area 3 and the gigantopyramidal corte.v of area 4 
(fig. IS). Thus, in the class of primates the transition between area 4 and 
area 3 shows one of three variants. There may be no transitional zone, or 
the giant cells may crow d into area 3. as in lemur, cebus, and macaque, and 
in man, or finally, the giant cells may stop short of the boundary and thus 
leave a strip of simple agranular cortex, as in the chimpanzee. Area 4 does 
not differ much in its cytoarchitecture from the homologous area in the 
macaque. The relative size of the Betz cells, however, appears to be greater 
than in the monkey. The giant cells are arranged in irregular clusters. Xo 
Betz cells were observed in the postcentral or the parietal subsector. 

Between areas 4 and 6 there is a narrow strip which contains large 
cells in layer iv (fig. 19). It appeare to correspond to the precentral sup- 
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pressor area (4s), but it is even less conspicuous than the similar strip in 
the macaque’s brain. 

Area 6 shows a slight columnization and its cells are smaller than 
those of area 4. 

The dysgranular corte.v of area 44 (fig. 20) m the anteroveiitral part 
of the precentral subsector can be easily recognized by the faint but unmis- 
takable inner granular layer. Layers iii and v lend themselves to divisions 
into sublayers much more reailily than do the other areas of the pre- 
central motor cortex, and both la)’ers contain conspicuously large cells. 
The homologj’ with area 44 of the macaque is perfectly obvious. Kreht 
(1936a) and Strasburger (1937) subdivided 44 into two areas which they 
called 56 and 57. Whether these are homologous to 6ba and GbP. which 
the Vogts recognized in other primates (cercopithecus), must be left 
undecided. 

The fissures of the chimpanzee's brain (fig. 21) have been the object of 
numerous studies, most of which are listed in a recent paper by Walker 



Fir.. 17 — The precentral motor corlex of t!ie chimpanzee. Compare with figs A, G, 8, 9 
and fronti'piccp 
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Fk. 19— Area 4- of the chimpaniee Po-terior up oi the 'iipcnor precentral ‘Uka» {fig 21 
pres) Note the rre«rntc oi larpt cell* id Ii\«r " Compire uith fip* 11 anti 32 


and Fulton (1930) The short description gi\eii here is partly based on a 
study of more than 20 brains in the collection of the Illinois Xeurop«y- 
chiatric Institute at the Unuersity of Illinois The scheme used by Baile\ 
Bonin, and McCulloch will be followetl fairly closely. 

As encephalometric studies show (('uiiiiingham 1892; ConnolK’ 1930: 
Bonm, 1941). the central sulcus (ce) occupies about the same position 
and runs m the same general direction in the chimpanzee as it does in the 
macacjue (Table I). The sulcus shows generally two “knees” con\e\ 
frontad. witli an mter\'cning concave bend It is. as Marchand (1893) 
remarked, more tortuous than that of the human brain. In its course, 
particularly at the "knees.’' it frequently has "spurs" cutting into the 
adjacent gyri. Tlie upper en<l of the «ulcus may cut into the medial border 
of the hemisphere Mmgazzim (1928) reports this in three out of thirty 
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cases (10 ± 5.5%). Retzius (1906). Turner (1866). and Marchand (1893) 
show the same behavior in some of their specimens. The lower end stops 
well short of the Sylvian fissure. A deep annectant gjTus between the upper 
and middle thirds of the central sulcus was described by Cunningham 
(1892), but neither Mingazzini (1928) nor Walker and Fulton (1936) could 
repeat this observation. 

The superior precentral sulcus (pres) runs roughly parallel to, and 
about 1 cm. in front of, the central sulcus From about its middle, a spur 
runs towards the frontal pole. The direction of this spur is taken up by 
another furrow parallel to the dorsal margin which is known as the superior 
frontal sulcus (/s). It generally ends m a bifurcation The inferior pre- 
central sulcus (tirci) lies slightly frontad to the superior one and runs also 




'•.•.VXvi: (V«! 


Fig 20— Area 41 of the chimpjnzce Note tlic faint inner Kraniilir )i\ 
ID the lowc't part of the thii^ la>er Compirc with Sr* 13 ami 31 
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roughly parallel to the fissure of Rolando. In some brains it is broken up 
into a middle and an inferior precentral sulcus. In other brains it anas- 
tomoses with a small spur of the central sulcus. The inferior frontal sulcus 
(/i) takes its origin m the majority of cases from the inferior precentral 
sulcus. 

Some small and shallou grooves are almost always present on the 
superior frontal gyrus. They are variable and have not been named. 

In the ventral or opercular part of the precentral subsector, the fronto- 
orbital sulcus (/o) is the most conspicuous element It begins on the orbital 
surface of the hemisphere, and runs for several centimeters onto its lateral 
side in a frontoclorsal direction In the chimpanzee, it is generally shorter 
than m the gorilla or the orang. There is much confusion about its nomen- 
clature. .According to Marchand (1893). Waldeyer (1891) was the first to 
employ the name fronto-orbual sulcus m the sense defined here. Walker 
and Fulton (1936) call it the orbitofrontal. 

About 1 cm. further occipitad. a sulcus operculans (op) runs on the 
frontal operculum. According to Marchand. it is a continuation of the 
superior limiting sulcus of the insula. Well developed on the ventral side 



Fk. 21 — FivumI pjtlcrn of flio bram of the chimpinzec. litertl »idi- Abbrev i ition- 
centrali- (of Rohndo). «c, s calcinnuj e^teniu-, /f, > front.ilis inferior; fm. s front.ili- 
medium, fma, s frontomircmali'. fo, s fronto-orbit /«, « front ili- superior, ip, 9 intri- 
pinetaln; I, « limitii', l<i. Literal fi-Mire (of Silviii'). o, « orbitjIi». 01, s occipilali' inferior. 
op, 9 operculiri', pini, s po-tcentrali-. infenor, />of, inci-uri pnrieto-occipitali' l.iterili-, 
pret, 9. praccentrah' inferior, pres, s pnieecntralis Mipenor. sea, 9 9 !ibccntrali' anterior, tep, .- 
subcintralis po-ttnor, tin, s ttmi'orali- niedm-, t*. 9 tcniporilt^ aupenor 
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of the operculum, it can generally just be seen on the lateral side of 
the brain where it runs from posteroventral to anterodorsal. Sometimes, 
however, it joins the fronto-orbital sulcus. It is figured, among others, 
in Connolly’s (1936) figs. 53-55 and in Mingazzmi’s (1928) fig. 20. 
Most authors observed it in the maj'ority of the brains they examined, 
but Walker and Fulton (1936) found it in less than tiventy per cent of 
their cases. 

Still somewhat further occipitad, a variable sulcus subcentrahs anterior 
(sea) IS found. It may or may not cut into the lateral fissure of Sylvius 
and may or may not be continuous with the inferior precentral sulcus. 
A large furrow in some brains, it is no more than a small dimple in others 
It runs most frequently ventrodorsally. 

In the chimpanzee, the posterior boundary of the precentral subsector 
coincides with the central sulcus almost throughout its length, just as in 
the macaque (cf. figs. 17 and 21). The ventral continuation of the central 
fissure marks the boundary between areas 44 and 43. Dorsally, the anterior 
boundary of the precentral subsector is not reflected by the fissural pattern 
There it runs across the superior and middle frontal g>Ti. Further ventrally, 
however, it runs roughly parallel to the fronto-orbital sulcus. 

Within the precentral subsector, the superior precentral sulcus serves 
as a fairly reliable landmark for the precentral suppressor area 4s, as the 
figure of Bailey, Dusser de Barenne, Carol, and McCulloch (1940) shows 
The anterior subcentral sulcus indicates the boundary between areas 6 
and 44. Again, a leeway of a few millimeters between the sulcus and the 
architectural boundary has to be allowed. 

MAN 

General Arrangement 

Since our information about the thalamocortical and cortico-cortical 
connections in the human brain is still fragmentary, we have to base the 
definition of the human precentral motor cortex mainly on its cyto- 
architecture. 

Campbell (1905), Brodmann (1909 and 1914), von Economo and 
Koskinas (1925), and C. and 0. Vogt (1926 and 1936) have contributed 
most to our knowledge (cf. figs. 1-3). Brodraaim’s latest map, which he 
published m 1914, differs in a few respects from the one published earlier. 
It differs also from the map reproduced by Kleist (1934) as Brodmann’s. 
The origin of this latter version could not be ascertained. It appears to be 
a careless redrawing. 

The differences between the various authors will be clear without many 
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words. Campbell, Brocimann, and von Economo agree fairly ^\ell with each 
other. Many of the discrepancies of Vogt’s maps, which unfortunately 
became widely kno^n when Foerster adopted them, appear to be due to 
the astonishingly inept handling of the gross features of the brain. Most 
of their drawings are entirely out of proportion, rendering a faithful repre- 
sentation of finer details utterly hopeless. 

In the precentral motor cortex of man (frontispiece) five subdivisions 
or areas can be recogni/ed This increase in number over what was found 
m subhuman primates is due to the fact that the motor area (area 4) can 
be histologically divided into an “area gigantocellularis" and an “area 
motorica simplex. " We shall refer to the former as 4v. to the latter as 4a 
(for agranularis). In front of the latter it appears possible to define histo- 
logically the precentral suppressor area 4s. Then follows still further for- 
ward the well-known and oft described premotor area G. and. on the 
frontal operculum, the precentral dysgranular area 44. These areas differ 
but little in their histological appearance from the homologous areas in 
other primates, i^ome of the finer histology to be described in the following 
pages has been ascertained by studying these lower forms. 

The main cyto- and niyeloarchitectural characteristics of these areas 
are the following: 

Area 4y Agranular, contains giant pyramidal cells of Betz. Vnistriatc, 
well-developed radii 

Area 4a. Agranular, no giant colls of Betz, but otherwise the same 
structure as 4y. 

Area 4s; Agranular presence of large cells in the upper substratum of 
the fourth layer and no giant cells of Betz in the fifth layer; otherwise a 
structure similar to that of areas 4 and C. 

Area 0: Agranular, but showing a columnar pattern. Cells are slightly 
smaller and the second layer is somewhat better demarcated from the 
third one than in area 4. 

Area 44; Dysgranular; small cells, interiningfed with much larger ones 
in layer lu. The upper part of layer it’ contains numerous very large pyram- 
idal cells (see p. 54) Both layers lu and v can be subdivided. Layers ii 
and iii are well demarcated against each other. Bistriate, outer stripe of 
Baillarger lighter than the inner one. 

While this scheme does not contain any new facts, it attempts to in- 
terpret what is known about man’s brain — ^and to many of its features but 
scant attention has been paid — ^in the light of what Dusser de Barenne 
and McCulloch have taught us about the functional organization of the 
primate brain. 
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The fields for the arm, the leg, and the face differ in their areal compo- 
sition. Area 44 is restricted to the face field. In the arm field, all other areas 
can be recognized easily. Near the dorsal margin of the hemisphere, i.e.. 
presumably in the leg field (see Chapter XIII). the three subdivisions of 
area 4 flow together. Betz cells spread out far in front of the central sulcus, 
so that close to the margin they come to lie even below that strip of large 
cells in layer iva which is characteristic for area 4s (frontispiece). Plate III 
in von Economo and Koskinas' atlas appears to illustrate this behavior. 

Areas 4 and 6 

Area 4r — Area 4y (frontispiece) uas called the precentral or motor 
area by Campbell (1905), area 4 or gigantopjTamidalis by Brodmann 
(1909), FAy by von Economo and Koskinas (1925). and Gig by C. and O. 
Vogt (1919. 1936). Within (his area the cortex is extremely thick; von 
Economo and Koskinas measured between 3.7 and 4.5 mm. on the free 
surface of a gyrus. The boundaries between the various layers, excepting 
only that between the first and second, arc indistinct. For the thickness of 
the various layers, vou Economo and Koskinas gave the figures reproduced 
in Table II. The average cell size is larger in area 4y than elsewhere in the 
cortex, as was shown in detail by Bonin (1938b). The cell density ap- 
pears to be low in this area, as even a casual inspection of a section 
will show. 

The inyeloarchitecture of area 4y (figs. 22 and 23) was first described 
by Campbell (1905). After an analysis of the first layer, he proceeded to 
say that “from the summits of the radiary projection downwards the 
cortex is so equally and richly stocked with fibers that it is almost impos- 
sible to break it up into laminae. ... At or towards the upper extremity 
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of the radiativ\g fasciculi the plexus seems to be especially rich in small 
fibres.” The network diminishes, according to Campbell, in density and 
possibly in calibre of individual fibers as one goes from the dorsal margin 
towards the Sylvian fissure. 

C. and 0. Vogt (1919) classified (from the point of view of myelo- 
architecture) the area gigantoeellularis m the following order: regio uni- 
striata euradiata grossofibrosa, subregio astriata, area typica — which 
amounts largely to a confirmation of Campbell’s results For the term 
unistnate means that it is difficult, if not impossible, to discern any lami- 
nation. From the description of the Vogts it can, moreover, be accepted 
that in area 4y the fine plexus representing the outer stripe of Baillarger 
is found in the third layer of conventional reckoning and not in the fourth 
one as elsenhere in the isocortex Figure 30 of the Vogts was copied by 
both von Economo and Koskinas (1925) and Rose (1936), but neither 
of them gave fig. 30A taken from the same area after differentiation had 
been pushed further in order to illustrate the basic myeloarchitectural 
pattern (fig. 23). 

The laminar pattern (figs. 24 and 29) has been described in much the 
same terms by most students of cytoarchitecture It differs, however, from 
that given by Cajal (1911), nhich, probably for that very reason, is less 
known than it deserves to be. 

Ramon y Cajal (1911) enumerated six layers (1) the plexiforin, 
(2) the layer of small pyramidal cells, (3) that of medium-sized pyra- 
mids, (4) the layer of large pyramids, (5) the deep layer of medium 
pyramids and triangular cells, contaming the giant cells of Betz and 
being the honiologue of Cajal’s sixth layer of the typical cortex, and 
(6) the layer of fusiform cells, obviously the homologue of Cajal’s seventh 
layer of the typical cortex (cf. Cajal’s fig. 333). Elsewhere, as in his fig. 404. 
he indicates a seventh layer, obviously the zone of transition between the 
cortex and the white matter. Evidently Cajal was primarily conceriieil 
with an analysis of what he actually saw. while the other authors rather 
strove to pattern their description of area 4 upon the picture found almost 
everywhere else in the isocortex. The description of area 4y to bo given 
below (cf. figs. 24 and 29, and also fig. 51) will be based on Cajal’s an.nlysis. 
To avoid confusion, Cajal’s layers will be referred to by small roman 
numerals, while the scheme of v'on Economo and Koskinas will be denotcil 
by large roman numerals. 

The incoming fibers ascend within the cortex, as Polyak’s (1932) 
Marelu preparations of the inacaiiue well illustrate, in an oblique, often 
tortuous course Cajal states categorically, and Lorente de X6 (1943) cites 
this with the comment that it has to be taken as a statement of fact, that 
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the efferents form a plexus in the fourth and lower part of the third layer 
of Cajal’s enumeration. But in what Brochnann called the homotypical 
cortex the level in which the specific afferents break up into a fibrillar 
plexus is known as the fourth layer. 

The first layer of area 4y contains some horizontal cells of Cajal. and is 
otherwise filled with an axonal and a protoplasmic plexus. Cajal states 
that the horizontal cells are more numerous in this area than elsewhere 
in the cortex. The axonal plexus is fed by the horizontal cells of Cajal, 
by cells of Martinotti. and by the recurrent collaterals of many pyramidal 
and fusiform cells situated in the deeper layers of the cortex. The proto- 
plasmic plexus receives abundant supplies from the apical dendrites of 
the p>Taniidal and fusiform cells. 

In myelin preparations the Vogts (1919) recognized three sublayers 
(fig. 23). The uppermost of these is almost deioid of fibers, the middle 
one, fairly thin, contains numerous deeply stained fibers, while the third 
one. occupying more than half the thickness of the first layer, shows again 
fewer fibers. Most of them are tangential fibers, but oblique ones can be 
traced here and there within the third sublayer. Silver preparations after 
Bodian or Schultze-Stoehr fail to reveal this pattern clearly. However, it 
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is possible to differentiate between a superficial stratum containing almost 
exclusively tangential fibers, and an inner one, being traversed by some 
oblique ones. 

The second layer contains mostly small pyramidal cells. The basal 
dendrites of these cells branch out preponderantly in a horizontal direc- 
tion (fig. 24, 1). The apical dendrite gives off several side branches within 
the second layer, and sends its end ramifications into the first layer, where 
they enter the protoplasmic plexus just described. They help to fill the 
upper as well as the loner substratum, if Cajal’s figure can be admitted as 
proof; the writer has never been able to trace the branches of the apical 
dendrites in a satisfactory manner. The second layer contains compara- 
tively few fibers; the stripe of Kaes-Bechterew is but poorlj' developed. 

The third layer of Cajal corresponds approximately to layer IIIB of 
von Economo and Koskinas’ (1925, pis. I-IV). It contains medium-sized 
pyramidal (fig. 24, 2) as well as smaller internuncial cells (fig. 24, 3) with 
horizontal or ascending axons. The basal dendrites of the pyramidal cells 
in the third layer are not %ery numerous and form a comparatively sparse 
protoplasmic network They branch out either horizontally or obliquely in 
a downward direction. The former mode appears to prevail in the upper, 
the latter in the lower levels of the third layer. The apical dendrite gives 
off side branches in both the third and the second layer. Double bush cells 
(fig. 24, 4) are frequently met with in Golgi preparations, but their fre- 
quent occurrence may merely be due to the fact that these cells stain more 
easily than other types. 

The fourth layer of Cajal corresponds to IIIC and 111(11’’) of von 
Economo and Koskinas. It contains the same type of cells that are found 
m layer ni, but its pyramidal cells are somewhat larger (fig. 24, 5) The 
basal dendrites of these pyramidal cells are longer than those of the cells 
in the third layers, and appear to branch more frequently. In short, their 
“local dendritic field,” to use an expression coined by Bok (1936), is 
better de\eloped. The apical dendrite gi\es off several branches in the 
vicinity of the perikaryon. It then rises for a considerable distance througii 
layer iv and the loner part of m without giving off any further branches. 
This behavior of the side branches makes it possible to distinguish with 
Cajal an upper and a lower portion of the apical dendrite. 

Apart from pyramidal cells, layer iv contains also a fairly large amount 
of star cells (fig. 24. 6), the dendrites of which branch within the fourth 
layer. The behavior of their axons varies. Some of them ascend to more 
superficial strata, while others descend to deeper ones (see Cajal’s fig. 407, 

D and E). None of them appears to enter the white matter of the hemi- 
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sphere. They evidently belong to the extensively arborizing type referred 
to by O’Leary (see Chapter HI. p. 101). 

Layers iv and in contain an axonal plexus made up partly by the spe- 
cific affereuts and partly by the axons and collaterals of cortical cells. This 
ple.xus is therefore homologous to what is called the outer stripe of Bail- 
larger in other parts of the cortex, and to what uas called the stripe of 
Gennari by Cajal. Cajal (fig. 25) divided it into three strata: an inferior 
one, consisting of oblique fibers, a middle one of tangential fibers, and a 
superior one consisting of end arborizations The inferior stiatiim. situated 
in layer v, is not a plexus in the sense that it forms a synaptic region It 
rather consists of “fibres de passage" on their nay to the middle and uppei 
strata. The middle stratum m layer iv appears to contain synapses, as a 
study of silver preparations stained after Bodian or .'•‘chuItze-Stoehr sug- 
gests. The upper stratum m layer in is also a synaptic region. If. m the 
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homotypical cortex, a layer tv is defined as that layer which contains the 
afferent plexus, and if it is further remembered that this plexus frequently 
sends some of its end arborizations into the lower levels of the third layer, 
then the difference between the heterotyqDical motor cortex and the homo- 
tjqjical cortex more or less vanishes. While it remains as true as ever that 
cytoarchitecturally — one might almost say for outward appearances — the 
fourth layer is missing, a stratum in which the cells are in axosomatic syn- 
apse with the fibers of the thalamic radiation is present here just as else- 
where in the cortex. In area 4, however, these “receptiv’e" cells are mostly 
large pyramidal cells, while elsewhere they lire preponderantly star cells or 
star pyramids. Moreover, m the motor area the outer stripe of Baillarger, 
or the stripe of Gennari, “spills” over into the third layer to a greater 
extent than in the homotypieal cortex 

The fifth layer of Cajal contains again pyramidal as w ell as internuncial 
cells. In addition, however, the fifth layer also contains short and medium 
pjTamidal cells (fig. 24, 7) in the sense of Lorente de X6 (1943), i.e., cells 
which send their apical dendrites not into the first but into the fourth or 
the lower part of the third layer. It is not possible to divide the fifth layer 
into the three substrata va, vb, and vc as described by Lorente de X6 for 
the parietal cortex. The most conspicuous element in this layer in area 4y 
are the very cells which have given this area its name — the giant cells of 
Betz (fig 24, 8). These have been described so frequently that it is almost 
superfluous to go once more into details. Their shape and the mode of 
branching of their dendrites have been portrayed by Cajal in his fig* 
ure 369 (cf. fig. 26). This is said to have been taken from the ascending 
parietal gyrus where giant cells are present only very close to the dorsal 
margin of the hemisphere, but it gives nonetheless a good representation 
of what a giant cell of Betz looks like when impregnated according to Golgi 
The basal dendrites of the Betz cells take a slanting course downward, 
but some of their finer branches may go almost straight down into the 
sixth layer. Other branches are given off from the sides of the perikaryon. 
They run generally in a more or less horizontal direction. The apical den- 
drite gives off se%eral side branches near the cell body. These spread out 
within layer v. Some of them run almost tangentially, while others take 
an obliquely ascending course. Hardly any, however, seem to present them- 
selves for axodendritic synapses with the axonal plexus in the outer stripe 
of Baillarger by extending as far as layer iv. The apical dendrite runs clear 
through layers iv and ui, giving off scarcely any side branches (now and 
then a thin branch can be obserxed). It breaks up into a fork within layer 
ij or iji. and sends its final ramifications into the first layer, just like 
any other pyramidal cell. The cells of Betz, in comnion xxith other 
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“efferent” cells in layer vb, have no axosomatic and a minimum of axo- 
dendritic synapses with the outer stripe of Baillarger. Incoming impulses 
can affect them therefore only indirectly. The axons of the Betz cells arise 
from the base of the perikaryon, where XissI preparations frequently show 
an axon hillock. The axon is directed toward the white matter and enters 
the internal capsule forming a constituent of the pyramidal tiact (see 
Chapters V and \T). or of the cortico-bulbar tract, depending upon the 
location of the Betz cell Within the cortex it may give off horizontal or 
ascending (recurrent) collaterals as described by Cajal (1911). Cajal states 
that the spider cells and the double bush cells in layer v are identical with 
those found m the higher levels of the cortex for which he had described 
them in great detail. This would mean that the Betz cells are surrounded 
by pericellular “nests” made up b}* the axons and the telodendria of these 
small cells. It is clear from Cajals drawings (figs. 27 and 28) that the 
synaptic fields on the perikar>’a of the Betz cells are heterogeneous in the 
sense of Lorentc de X6 (193S) (see particularly the regions near b in both 
fig. 27 and fig. 2S). As will be remembered. Lorente dc X6 demonstrated 
that, within a given region of the surface of a cell body, all synapses come 
in some cases from one axon while, on other cells, the synapses arc formed 
by several axons. The former homogeneous synaptic fields are trans- 
mitting impulses from a single cell, the latter heterogeneous synaptic fields 
are totally activated only when impulses from all “participating” cells 
arrive within about a millisecond's duration. 

The cells of Betz are largest in the dorsal part of area 4y. and gradually 
decrease in size ventrally. Tliey arc found either singly or m small groups 
of three or four cells. According to Brodinann (1909), the solitarj' ar- 
rangement prevails in the ventral part of the area, while a “cmnulary" 
arrangement is found in its dorsal part. For the execution of individualized 
movements, as of hands and face, the former ina 3 ’ be bettei adapted than 
the latter. Before a formal theory can be elaborated, however, we require 
more detailed and precise information about the origin and ending of the 
pjTamulal fibers than we ha\e at present. 

The total number of the giant cells in the human brain was given by 
Campbell (1905) as 25.000. Lassek (1940) found 34,183 on the right, and 
34,562 on the left side of the brain of a 22-3'ear-old negro woman. The two 
sides differ by less than 2%. and a mean of 34.370 can certainly be ac- 
cepted as reliable. Xeither of these authors appears to have included the 
giant cells in the postcentral sector. 

The size of the giant cells has been measured b 3 ’ Bonin (193Sb) and 
by Lassek (1940). The former measuretl onl\’ the cells in the dorsal part 
of the precentral gjTus, at the level of the fii^t frontal convolution, while 
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the latter measured cells throughout area 4y. Moreover, Bonin measured 
the volume of the nuclei, while Lassek measured the surface covered 
by the silhouette of the cell bodies. The distribution curves of Lassek are 
definitely skew, with the “tail” towards the larger volumes, uhile the curve 
obtained by Bonin is essentially symmetrical. Moreover, if the figures 
given by the two authors are used to compute the surfaces of the cell 
bodies the results will be found to differ by more than 50%. Bonin’s results 



Fio 27 — Pericellular nests formed by axons of interniincwl cell* nround tlie penkarya of 
p^ramlc^al cells After Cajal (1911, t ii, (ikSCI) 
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show a mean nuclear volume of 2328^*, leading to a mean surface of the 
perikarya* of 8900/i*; Lassek computed the mean area of outline as 1757M^ 
leading to a mean surface of the perikarj'a* of 6300/i^ for the leg field and 
5600ii* for the whole of area 4. It is permissible, in any event, to assume that 
there are at least 1000 “axosomatic” synapses on a Betz cell. 

The sixth layer presents few characteristic features. It contains pyram- 
idal (fig. 24. 9) as well as fusiform cells (fig. 24. 10). Both types can be 
further subdivided according to the behavior of their apical dendrites, 
which may be long, reaching the first layer, or medium, reaching only the 
third layer, or short (fig. 24. 11). reaching no higher than into the fourth 
layer. Another noteworthy feature is the blurred boundary against the 
white matter of the hemisphere. There is a broad zone of transition xvhich. 
as we saw. was labelled layer vii by Cajal. 

Ontogenetic data have been supplied by Brodmann (1905). Aldama 
(1930), and Conel (1939, 1941). Brodmann (1905) showed in Nissl prepa- 
rations that during fetal life his area 4 exhibited a ^veil-developed inner 
granular layer. That this layer is still present at birth is shown in Conel’s 
(1939) photographs of NissI and Golgi preparations. Of the "leg” field 
Conel says that the fourth layer "is not distinct,” of the paracentral lobule 
that "the layer can be easily identified.” of the arm region that it is 
"definitely outlined,” and of the face region that it is "not very distinct.” 
In the month-old child studied by Conel (1941) the inner granular layer 
is less clearly defined than m the newborn, but can still be discerned. 
Aldama (1930) using Xissl preparations saw remnants of that layer in a 
child of eleven months. He adds that this layer is more pronounced in the 
anterior wall of the sulcus of Rolando than further forward. Aldama found 
traces of the inner granular layer still in the brain of a five-year-old child. 
.According to Conel. the giant cells of Betz are the most advanced cells of 
the new-born if the degree of development of their processes is taken as a 
criterion. 

Brodmann’s contention that the “heterotypical” corte.v of area 4y 
developed out of a homotypical cortex is true enough from a restricted 
cytoarcliitectural point of view. We lack, however, complete information, 
which can only be furnished by silver preparations. 

The outstanding characteristics of area 4 y. uhich it shares with areas 
4a, 4s, and 6, are: (1) absence of an inner granular la 3 ’er in the cytoarchi- 
tcctural sense, (2) low cell density, but large average cell size, (3) pre- 
ponderance of pj'ramidal cells, and (4) a confluence of the outer and inner 

• Bx«e<! on Bok’s (193G) fornuiU, and on tin* a-'.-umption Ih it the cell hodv )« .1 ronr and 
ft = 6r (ft = height ; r = radius of b i«4*) 
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stripes of Baillarger. These characters have gradually evolved during 
phylogenesis, and it is tempting, therefore, to correlate the trend of 
architectural evolution with a trend in functional evolution, if such a 
trend can be discerned. In almost every textbook can be found the state- 
ment — and everybod}' who has had any experience in the laboratory nill 
confirm it — that the movements which can be elicited from the motor 
cortex become more "individualized,” broken up into "fragmentary local 
items of movement” to quote IValshe (1947), the higher in the phylo- 
genetic scale the animal stands. The detailed evidence may be found in 
Huber's (1934) memoir. 

On the structural side, the relation of the pyramidal cells and their 
dendrites to the various layers, and the structure of the axonal plexuses 
remain apparently unchanged among the primates. Two other trends, how- 
ever, can be discerned (see pp. 64 et seq.). The relative size of the Betz 
cells increases, and the cell density decreases. 

The former trend may affect the nature of synaptic transmission, the 
latter may affect the electrical influences to which Adrian (1947) called 
attention. 

Pyramidal cells (perikar>-on plus dendrites) are in synaptic connections 
with axons in many layers. Excepting the medium and short pjTamidal 
cells all true pyramidal cells are influenced by events in the tangential 
layer as well as in layers it and uia. for even many of the small cells in 
layer u send their basal dendrites into layer mo. Those in layers mb and iv 
are still influenced by the first layer, and m addition are under the direct 
influence of events in the outer stripe of Baillarger. The p.mmidal cells in 
the fifth layer, while avoiding, as it were, the outer stripe of Baillarger, are 
through their apical dendrites in connection with the “supragranular’ 
layei-s. and through their basal dendrites in contact with the inner stripe of 
Baillarger. 

The cln isibility of pyramidal cells into topographic zones, each of which 
receives a specific kind of afferent impulse, was stressed by Lorente de 

m his study of the ammonie system. It is perfectly obvious, anti 
indeed was pointed out by Lorente de X6 himself, that this also hoick 
true for the cortical pyramidal cells. .\ preponderance of piTamidal celk as 
m 4y means that mo«t of the cells are in synaptic connections with seieral 
of the axonal plexuses. 

The relation of the apical dendrite of the large and giant piTaniida 
cells m layer v to the outer stripe of Baillarger makes it at le.ast ^er>• prob- 
.able that the axodendritic synapses within that strijx* alone are insufficient 
to •■fire " these cells, .'^mce these cells are the source of the efferent fibers 
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from area 4y. it follows that an efferent impulse must be clue to the activity 
of many internuncial neurons and that afferent “sensory”- impulses 
delivered to area 4y from the thalamus can do no more than provide a 
“background activity.” One aspect of the manner in which the cerebellum 
and the basal ganglia can control motor performances may be deduced 
from these considerations (cf. Chapter X), 

The confluence of the two stripes of Baillarger is not due to a down- 
ward extension of the outer stripe but rather to a diffuse spreading of the 
inner one. The outer stripe is similarly diffuse on its outer side. Obviously, 
the broader the stripe the more cells will be under its sway. But vithin 
area 4y relatively many of these cells are pjTamidal with heterogeneous 
synaptic fields. It follows (cf. figs 27 and 2S). that impulses coming 
through a stripe of Baillarger are by theniseh'cs incapable of firing a 
pyranudal cell. Thej’ have to be “supported ’ by the other constituents 
of the synaptic field. The broad and somewhat diffuse arrangement of the 
stripes of Baillarger in 4y increases the probability of causing cortical cells 
to discharge upon receipt of an afferent stimulus. In a way. but not in every 
respect, this arrangement compensates for the large cell size and the 
preponderance of pjTamidal cells. 

The larger relative size of the Betz cells can reasonably be assumed to 
mean a more complicated organization of the synaptic fields on their cell 
body, thereby requiring messages from a greater number of cells to arrive 
“nearly simultaneously” in order to fire a given pyramidal cell The reduced 
cell density vsould lead to a greater average distance of cell bodies as well 
as of apical dendrites thereby reducing the electrical influence of cells 
upon each other. Both factors thus can be interpreted as favoring a greater 
differentiation of patterns of activity in higher forms, especially, of course, 
in man. 

“Patterns of activity” denote ph j siological processes, not the effects 
of electrical stimulation. If nothing else, then Rasmussen and Penfield’s 
(1947) observation that electrical stimulation of certain parts of the face 
field will impede articulate speaking should demonstrate the havoc wTOught 
by the application of a pair of electrodes to the cortex. 

Area 4a — The area 4ft covers most of the free surface of the precentral 
gyrus at the level of th& middle and inferior frontal gvTus and extends 
further ventrad than the area gigantocellularis. Brodmann (1:009), as well 
as C. and 0. Vogt (1919). considered it as a part of area 6 (see above, pp o 

’Tlic espcnuicat- b\ Mxr.hiU. Wool'e^. JOd Bird (1941) and bj Adrun (Iftll) show 
tbit the .ifferent impul'e-* to the i»rpccntral cortex can not be "••en^on” m the ordinir>' 
«€■!)'<' of thit terro Thi- doc' not cootridict Dii«,cr dc Birennc’s ftnioiii •.trichnin'’ 
ispcnmcnt' 
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Fic 29 — Aroi Ay of »lie huinia brain Toluidin blue After ton I.conomo anil Ko'-kmi'- 
(1925 plitc II) Mignifipation about 45 I Tlir li\er» €!e>pnbrii in (hp tp\t art indicUPil on 
t!io right mirgin Compirc ttith fig 24 intl nith fig* 5. 7, 10, and 18 
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Fio 30 — Area -la of the human brain Toluidin blue After \oa Economo and Konkina- 
(1925, I'late V). Macmfication about ^5 J 
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Fk. 33 — Are.1 6 of tho Inirmn brjin Toluidin blue AfUr 'on I'cononio .iml Ko'kim* 
(1935 jiUtc A I) Mjgmfication about 45 1 
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Area 4s — A band of partieularlj- large cells in layer xva ^^as found by 
von Economo and Koskinas all along the precentral sulci (see fig. 31) and 
was considered by them as a part of their area FB. They mention, however, 
that these large cells are present only in the posterior part of FB, This 
formation may be seen on their plates V and IX, and is shown in fig. 32 
here. Except for these cells in layer iva, its architecture differs \ery little 
from that of areas 4a or 6. as Hines (1937) was the first to point out. In 
the light of our present knowlerige, it appears reasonable to look upon the 
strip containing this band of cells as 4s (sec footnote 50, p. SO). 

Area 6 — Area 6 lies immediately m front of the precentral suppressor 
area (area 4s). It makes up the largest part of what Brodmann called area 
6. It is practically identical with \on Economo’s area FB or with area 6aj8 
of Vogt. It differs from areas 4y and 4a by the fact that the cells of layers 
in and v are arranged in columns and that by and large the cells are smaller 
than in area 4 (fig. 33) The cortex as a whole is slightly thinner, and its 
stratification is a trifle more pronounced. .Area 0 receives, as was shown 
by Polyak (1032) for the macaque, only scant specific afferents The 
scarcity of these oblique fibers may very well be the reason for the co- 
lumnar pattern of this area. Since the stratification of G is very similar to 
that of 4. It appears unnecessary to go into details. 

The Dysgranular Area 44 

The face field contains in addition to the areas mentioned thus far. the 
precentral <lysgranular area 44 (fig 34) It was designated by Brodmann 
(1909) as 44 and on a later map (1914: cf fig. 2A) as 44 in its posterior 
and 44a in its anterior part A on Economo and Koskinas called it FCBm 
and referred to it as Broca's area It was investigated by Knauer (1909). 
Riegele (1931), Kreht (103Gb c) and Strasburger (1938). all of whom 
worked under A’ogt. as well as by Stengel (1930) who worked under von 
Economo A'^ogt's co-workers subdnided area 44 into two areas which they 
called 5G and 57, and which appear to coincide roughlj’ with 44 and 44a of 
Brodmann's last map Similarly, Stengel states that the anterior part of 
the pars opercularis of the third frontal convolution is covered by a cortex 
somewhat more granular and containing smaller pyramidal cells than that 
covering the posterior part He found these structural differences in three 
brains e.xamined by him. but failed to find them in two others. Foerster 
(1936b) observed the phenomenon of “denervation" upon stimulating the 
anterior part of Broca's area. But he added. “It is difficult to say whether 
?)o$f hoc cryo propfrr hoc.*' A similar observation was recently reported 
by Meyers (1941). The phenomenon of “denervation” was, so far as the 
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Tig 3i — Arp.i 44 of the hiiinin bram Tohiidin bine After \on KeoiiotDO nncl Ko-kiiii- 
(1925 plite XIV) Magnification about 45 1 Note tlw lirge cell-, in iin and ib Coiiipin 
with hgi 20 13 and 35 


writer i« aware first tle'cnljcd by C. and O. Vogt (1919). They appear to 
ha\c stiimilatccl what Dusser do Baroiine and McCiilloeh {193Sa) called a 
“‘•iippressor area’’ Observations upon the macaque aiul chiinpan/ee (see 
Cliaptcr make it probable (hat aiea 44a belongs to the frontal 



The Architecture 


53 


suppressor area. We shall, therefore, put the anterior hunt of our pre- 
central dysgranular area near Eberstaller's sulcus cliagonabs. keeping in 
mind, however, that there is no verj’ close correlation between the border 
of the dysgranular precentral area and that variable furrow. To call area 
44 Broca’s area is unwarrantetl “Broca's circumvolution” originally was 
understood to be the third frontal convolution (see Dejerine, 1S95. I. p 
255) in its entirety. Broca's area is now understood to be the motor speech 
center — a higlily problematical conception with nluch Anatomy should 
not be burdened. 

The architecture of area 44 (figs 34 and 35) differs in many respects 
from that of the rest of the precentral subsector. It shows a well discernible 
internal granular layer, and the third and fifth layers, too. show definite 
substrata, not recognizable m the areas described thus far. It is in keeping 
with this tendency towards a more “elaborate" lamination that the myelo- 
architecture, too, shows a definite stratification with a separation of the 
two stripes of Baillarger. 


ARK.A 41 
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The molecular layer is tnzonal in myelin preparations. Strasburger 
(1937) describes layer to -f b as poorer in fibers than the neighboring areas 
The second layer is described by Kreht (1936b) as narrow, with some- 
what larger cells exhibiting a greater vanation m their size than m area 57 
which IS frontal to 56. The cells of layer xi are smaller, houever, than in 
area 4y. Pyramidal cells (fig. 35, 1) appear to prevail, as Conel (1941) also 
has shown. There is no well-developed stripe of Kaes-Bechterew m area 44. 

The third layer has been divided into three sublayers by von Economo 
and Koskinas. Riegele, and Kreht. According to these authors, layer Ilia 
is narrow. Layer lllb is much broader and is more sparsely populated by 
small cells. Layer IIIc, slightly narrower than Illb, is characterized by 
lesser cell density and by much larger cells. Von Economo and Koskinas 
emphasize the presence of very large or “giant” cells in the lower part of 
IIIc nhich form a distinct sublayer. 

For reasons which, it is hoped, will become clear as this analysis pro- 
gresses, it appears more reasonable to put the lower border of the third 
layer a little higher, namely, above the layer of the “giant cells,” and to 
subdivide the third layer into two substrata. The upper one of these, layer 
xxxa, corresponds roughly to Ilia of von Economo and Koskinas, and to 
III* of Kreht and Riegele Golgi preparations reveal no startling features 
in this substratum Pyramidal (fig 35, 2) and internuncial cells (fig. 35, 3) 
look very much the same as anywhere else in the cortex. The division 
between layers it and ii/a is based mainly on the difference in cell density 
In layer ixib the types of cells (fig. 35, 4 and 5) are again the same as 
m other cortical areas, so that a detaile<l description would be but a weari- 
some repetition The basal dendrites of many, if not of all, pyramidal colls 
m layer iixb (fig 35, 4) send branches into the outer stripe of Baillarger 
They may thus have axodendritic synapses with the specific afferents, 
while the cells m layer hia can receive impulses from the specific afferents 
only through internuncial neurons. 

Having redrawn the boundarj’ between the third and the fourth layer, 

It now becomes possible to subdivide the fourth layer into two substrata. 
Tlie upper one, iva, corresponds, as we saw a moment ago, to the lower 
part of lllc of the conventional stratification. It is characterized by 
the “giant cells” described by von Economo and Koskinas. Since the term 
“giant cells’ may give rise to confusion with tiie cells of Betz, we shall 
call these cells henceforth “huge cells” or “huge” pyramidal cells (fig. 35. 
()) These pyramidal cells show a dense and wcll-de\eIopecl system of ba=al 
ilendntcs which tend to ramify m a horizontal direction. The local 
dendritic field is consequentl 3 ’ almost complete^’ restricted to tlie fourth 
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layer. The apical dendrite gives off se^e^aI side branches near the cell body. 
The loi\er ones of these take their course in the upper levels of layer iv, 
those that come off a little higher lake their course within layer mb. The 
upper portion of the apical dendrite ascends then through the rest of the 
third and through the second layer, to split up into its end ramifications 
in the molecular layer. Xo side branches could be observed on that portion, 
although frequently the stem of the dendrite breaks up into its two mam 
branches within the second layer. In addition to the huge pyramidal cells, 
layer iva contains small internuncial cells (fig. 35, 7) and occasional star 
pyramidal cells (fig. 35. 9). 

Layer ivb contains small star cells (fig. 35, 10) as well as other cells of 
Golgi's type II. Fairl}' large pyramidal cells (fig. 35, 11) are also found here 
and there. It is the presence of these large cells in wb that gives Broca's 
area its characteristic dysgranular appearance. 

The \Ahole breadth of tins redefined fourth layer contains the outer 
stripe of Baillarger. It is because of this relationship that the conventional 
layer IIIc is here referred to as layer im The ^vriter nas able to study 
this plexus \\\ preparations stametl after Wcigert-Kultschitzky and Bodian. 
but did not succeed m impregnating it after the method of Golgi. Hence 
no details can be added to the bare statement of its presence. The most 
important question concerning this plexus is. of course, that of its com- 
position. It is known that it contains in most cortical areas both intra- 
cortical association fibers and specific afferents from the thalamus. That 
the former class is by no means a negligible component, even in cortical 
areas receiving an abundant supply of specific afferents. was only recently 
demonstrated by Le Gros Clark and Sunderland (1939) in the case of the 
striate area The presence of intracortical association fibers within area 44 
will readily be granted Are there also specific afferents? A careful survey 
of the lower strata of area 44 revealed fairly numerous oblique fibers both 
of thin and thick calibre. While some of them are without doubt ascending 
axons of cells of Martinotti. others can justifiably be claimed to be specific 
afferents entering presumably the outer stripe of Baillarger. It should be 
added that Aranovich (1939) m his myelogeiietic studies on Broca’s area 
fails to indicate these oblique fibers 

The fiftli layer has been divided by most writers into two sublayers. 
Large pyramidal cells are sometimes found so close to the fourth layer as to 
be almost within that layer. They form frequently veritable nests, as can 
be seen on von Economo and Koskinas’ photographs (compare fig. 34). 
Houever, a consistent layer of large pjTamidal cells can be made out a 
short distance below the fourth layer. It is thus possible to subdivide the 
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conventional layer Va once more into two sublayers ^\hich clearly corre- 
spond to Lorente de Xo's (1943) sublayers va and vb. Lajer la \\ould 
then be described as containing generally smaller cells, among «hich short 
and medium pjTamidal cells (fig. 35. 12) occur, and as showing here and 
there nests of larger pyramidal cells (fig. 35. 13). The imter nas not able 
to identify these cells in Golgi preparations. «o that he is unable to describe 
their shape in detail. In layer vb are found, according to Lorente de X6. 
the pyramidal cells giving rise to efferent projection fibers. In area 44 these 
cells (fig. 35. S) are generally nell below the size of the corresponding cells 
of Betz m area 4y, yet occasionally they ma\' attain the size of giant cells. 
It so happened that the largest cell the wTiter ever encountered in his 
measurements was situated in Broca’s area. In Golgi preparations, the 
efferent pyramidal cells can readily be identified. Their basal dendrites run 
for long distances in the fifth and sivth lajer. Uliile some of their branches 
take an oblique course, others dip almost radially into the sixth layer (This 
is accentuated in fig. 35, 8. since some of the dendrites, arising near the 
middle of the base, are seen in perspective foreshortening.) The apical 
dendrite gives off a number of branches in its lower portion Some of these 
side branches take an oblique ascending course and appear to run partly in 
the fourth layer. It is liard to be quite sure about the boundaries of the 
cortical layers when studying Golgi preparations, since generally only a 
few cells are impregnated. Yet repeatedly the writer was able to follow 
these dendritic branches into layer iv. The presence of axodendritic syn- 
apses between the outer stripe of Baillarger and the efferent pyramidal 
cells has to be reckoned with in area 44. just as. e.g.. m the parastriato area 
where similar cells were observed by Bonin (1D42) and OXearj* (see 
Chapter III). O'Leary describes these dendrites as going e\en beyond the 
fourth laier. The upper portion of the apical dendrite is aImo':t devoid of 
side branches. It breaks up into its end ranufication in the molecular layer. 

Laj'er vc (ion Ecoiioino and Koskinas’ layer Mj) is sparsely populated 
by smaller cells, mostly medium and short pyramidal cells (fig 35. 14) in 
the sense of Lorente de Xo (193Sa). In addition, re contains the axonal 
plexus of the inner stripe of Baillarger .\ccording to Rtrasburger (15)3S). 
the inner ami outer stripe appear almost equally lienee m nnclni prepa- 
rations. although the inner one is sometimes slightly denser. 

The sixth layer contains p>Tainidal (fig 35. 15) and fusiform ct*ll^ 
(fig 35. IC). It can be subdivided into two substrata as m most other corti- 
cal areas It does not show any features specific for area 44. and w e dispense 
therefore with a detailed description. Suffice it to add that the border be- 
tween the gray and the white matter mdistmet. although sharper than m 
area 4y. 
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The histological differences between the dysgranular area 44 and the 
agranular portion of the precentral motor cortex may be assumed to 
express functional differences between these two parts. 

Due largely to the fact that the outer stripe of Baillarger is shifted 
further towards the surface m the agranular cortex than in the dysgran- 
ular cortex, the “supragranular” layer, and with it the internuncial ap- 
paratus lodged here is better developed in the latter Moreover, this appa- 
ratus is composed of cells which are smaller and more densely packed than 
in the agranular cortex. From the work of Lorente de X6 and from all the 
experiences of modern neurophysiologj' (see Chapter III), it is clear that 
all cortical events must be thought of as drawing a large number of cells 
into their activity and as establishing within a given space something 
that can be likened to. and understood as. a physical field, using the term 
field m the sense in which it is used in such concepts as gravitational, or 
magnetic, or electrical field. Kohler (103S) and more recently Kohler and 
Wallach (1944) discussed these conceptions as the theory of isomorphism. 

Spread of excitation withm the cortex is still little understood. Synaptic 
transmission and electrical influences of neighboring neurons (see p 44) 
are the two mechanisms known at present which are responsible for that 
spread. To consider the cortex as a homogeneous medium is permissible 
only ns a first approximation, and tends to overemphasize the effects of 
electrotonus The perfectly homogeneous substrate of a field would be 
afforded by a cortex in which the cell size is so small as to be infinitesimal 
relative to the extent of tlie field. E\en the various types of koniocortex. 
including the striate area, are far from this ideal. If. however, the cells arc 
exceptionally large and scarce, as in the motor cortex, their electrical influ- 
ence upon each other will be negligible, and heterogeneous synaptic fields 
will be present almost everywhere ' Both factors will tend to diminish the 
field character of cortical processes. This is particularly true for areas 4 and 
G, while the structure of area 44 suggests the possibility of cortical “fields.” 

In any case, the appropriate treatment of events in the precentral motor 
cortex IS along the theoretical lines laid down by McCulloch and Pitts 
(1943) or Shimbel and Rapoport (1948). 

It should be empliasized. moreover, that the concept of cortical fields 
(in the dynamical sense of this term) plays a different role in a theory of 
the motor cortex from that which it plaj-s in a theory of the sensory cortex. 

‘The probibility tor a smalt cell with a homogeneous s\naiitic field to be caused to fire 
is ob\iou'iy greater than that for .a lanr® *dh heterogeneous sa-naptic fields It is pos- 
sible, on the other hand, that the larger “local dendritic field"' of a large cell makes up for the 
lesser cell deti«tt> as f ir is electnc.al effects are concerned 
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In tlie latter case, the field is subsequent to events in afferent fibers, 
and it has been possible, as Marshall and Talbot (1942) have shown, 
to arrive at a satisfactory theory by restricting discussion to stationary 
fields, i.e., by neglecting the dimension of time. In the motor cortex, on 
the other hand, this field, if it plays any role at all, must be considered to 
precede events m efferent fibers, and it appears impossible to arrive at a 
satisfactory theory of cortical activity while neglecting the dimension of 
time. The relations of dynamical fields to incoming and to outgoing events 
IS forcefully brought out when written down in the notations developed by 
McCulloch and Pitts (1943). Also, activity of the motor cortex is instigated 
by cortico-cortical afferents (see Chapter VIII) (and intracortical proc- 
esses?) converging upon area 4 from area 6, from the parietal region (body 
scheme’) as well as from the infroparietal plane (second motor area, see 
p 9) But these cortico-cortical afferents end in the inner stripe of Bail- 
largcr and in the stripe of Kaes-Bechtereu'. 

Large size and low density of cells may favor the establishment of com- 
paratively large reverberating circuits or “feedback” systems. The discus- 
sion by Rosenblueth, Wiener, and Bigelow (1943) of purpose and of nega- 
tive feedback may w'oll prove to be of great interest for a theory of the 
motor cortex. 

Within the outer stripe of Baillarger the incoming impulses impinge 
m area 44 among others upon the huge cells of layer iva (fig. 35, 6). The 
synaptic fields on these huge cells are almost certainly heterogeneous. Peri- 
cellular nests W’lthin layer tva, evidently around the huge pyramids were 
seen by the w’nter in Golgi preparations, but it w’as not possible to de- 
termine the exact origin of the axons entering these nests. It is nonetheless 
reasonable to assume that some of the axons come from the plexus of the 
outer stripe of Baillarger and convey impulses from the specific afferents. 
These specific afferents, however, can cause these huge cells to discharge 
only when there is a sufficient “background” activity so that all synapses 
of a given synaptic field are activated w'lthiii about a millisecond. But 
•‘background'' activity presupposes the existence of a cortical field, whiie 
the specific afferents can, at any rate, function in such a way as to deliver 
a spatially verj’ restricted impulse. It may be useless to pursue this line 
of thought much further, yet enough has probably been said to realize tliat 
liistological considerations not only lead to the problem of "field” versus 
••mosaic” but m some way may even help to reconcile the two views. 

The “efferent” pyramidal cells of area 44 (fig. 3.5, 8) have a relatively 
large minibcr of axodendritic synapses with the outer stripe of Baillarger. 
We do not know whether tlie«e axodendritic synapses rai'c or lower tlic 
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threshold of the “efferent” pyramids. At any rate, the fact that the 
efferent pyramidal cells in area 44 differ in their synaptic relations from 
those found in Ay deserves attention. 

Gross Anatomy 

The fissural pattern of the human brain has been studied for almost a 
century with great assiduity without, however, proving much more than 
its great variability. The older literature has been reviewed and listed 
by Genna (1924) Since then Shellshear (1937). Chi and Chang (1941). 
Connoll}’ (1941). and many others have contributed further material. 

The central sulcus has about the same position in the human brain that 
it has in that of the other primates (see Table I. p. 23). In the majority 
of cases the sulcus cuts into the upper margin of the hemisphere. Cunning- 
ham (1S92) examined 52 hemispheres and found. 60 ± 6.8% cutting into 
the upper border. 21 ■± 5.6% just reaching it, and 19 ± 5.4% falling short 
of it. (The standard errors have been added.) In that same material Cun- 
ningham found that the sulcus reached the Sylvian fissure in 19 ± 5.4% of 
all cases. He mentions that Benedict found this condition in 47.5 ± 8.1% 
of his 38 cases, while Giaeommi reported it m only 6.2 ± 1.5% of his 336 
hemispheres. While the difference bctw.ecn Cunningham and Giacomim 
may have arisen by chance in about 2% of all cases, the other differences 
are clearly significant. Whether they are actually racial differences or 
whether they express merely the “personal equations’’ of the different 
observers must be left undecided. 

On the basis of a detailed study of the conformation of this sulcus. 
Symington and Crymble (1913) rejected the hitherto adopted method 
of analysis by “knees"’ or "bends” and pointed to the constant occur- 
rence of tuo “buttresses” in the anterior wall of the sulcus. These but- 
tresses may cause more or less pronouncerl bends in the fissure. An addi- 
tional upper or louer buttress may be present and cause further bends In 
237 hemispheres of adults two buttresses causing (indirectly) two bends 
with convexity frontad. were present in 131 cases (55 ±: 3.3%). At the level 
of the upper buttress, a submerged gjTus is always present. Symington and 
Crymble measured the length of the Rolandic fissure by determining the 
distance between the upper ami lower end-points botli along a straight 
line and along the tortuosities of the sulcus. Their data are given in some- 
what summary’ form. The results that could be distilled out of them are: 
straight length of sulcus of Rolando. 91 0.6 mm.; length of sulcus 

measured along its bends, 102 ± 0.7 mm. The anthropologically minded 
could, in an obvious manner, compute an index of tortuosity of 112, but 
in the absence of comparative data this is not particularly enlightening. 
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Ontogenetically the sulcus arises, as Genna and others have pointed 
out, from two anlagen. These unite at the level of the superior buttress 
Cunningham pointed out that the submerged gyrus just mentioned was 
situated at this level and v.ent on to discuss cases of a bipartite sulcus 
such as have since been described by several other authors (e.g., by Chi 
and Chang). This mode of development is usually interpreted as proof for 
the conception that the central sulcus has arisen by the confluence of the 
coronalis and the ansata of lower mammals (cf Ariens Kappers. Huber, 
and Crosby, 1936). 

Roughly parallel to the central sulcus are the superior and the inferior 


precentral sulei. They ma}' be united, but that appears to be the exception 
rather than the rule. Thus Chi and Chang found that the two sulci were 
united in only 17 d: 3.5% and were separate in 83 ±. 3.5% of the Chinese 
brains they examined. 

It IS only m man that the Syhian fissure sends off anterior rami which 
cut into the frontal operculum. There may be only one ramus present, 
there may be the classical picture of an ascending and a horizontal ramus 
separate from each other, the two may form a 1’, or there may even be 
three rami Chi and Chang found one branch in 12 ± 3%. two branches in 
85 ± 3.0%. and three branches in 3 ± 1.6%- Connolly (1941) found one 
branch much more frequently on the right than on the left side. The 


frequencies were: 


Xegrofx 


Right henu'phere 23 3 ± “ 20 7 ± S 

Left hemisphere 0 7 ± > W) 


There is a significant difference between the right and the left side but 
none between the brains of whites from Berlin in Germany and of “full- 
blooded” American Negroes. Even the differences between Chi and Chang's 
and Connolly’s material are not statistically significant. Thus two branches 


may be considered as the usual configuration. 

For our present purpose, only the ascending ramus is of importance. 
«mce it marks, m a vague sort of way (t*. infra), the anterior limit of the 
precentral motor cortex. The cortex bordered below by the main stem, and 
in front by the ascending ramus of the Sylvian fissure is the opercular 
part of the third frontal convolution. The inuch-discus=e(l question of a 
partially exposed insula has no direct bearing on our problem®. 

The sulcus subcentralis anterior is generaHj’ no more than a small in- 
dentation arising from the posterior branch of the Sylvian fissure and 
cutting into the frontal operculum. It varies considerably in si/o. Some- 
times It IS superficiallv united with the lower end of the central, or. more 
rarclv. with that of the precentral sulcus. The former case ha® been di®- 
cu®®ed m detail by Eborsfaller and by Symington and Crymble. 
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The sulcus diagonalis of Ebcrstaller (1S90) was described by the 
author iii these words: “On the pars opercularis of the third frontal con- 
volution there is generally a sulcus which extends obliquely from behind 
and abo\e to in front and below and is of rather variable depth and 
degree of development. This is the diagonal sulcus.” It may be (A) con- 
nected with the precentral sulcus, or it may be (B) all by itself, or it may 
be (C) connected with the inferior frontal sulcus. In the brains depicted 
m Retzius’ (1S96) atlas the frequencies were: A, 45 ± ; B, 32 

S.5^/c; C. 23 ±77- 

The relations of the cytoarchitectnral areas to the sulci can be stated 
very briefly (see frontispiece) : The central sulcus marks the posterior 
border of area 4y. Area 4s lies close to the superior and inferior precentral 
sulci. The anterior border of area 6 is not marked by any sulcus As was 
mentioned before, the anterior border of area 44 appears to be marked by 
the diagonal sulcus. 

Blood Supply 

Blood is supplied to the precentral motor cortc.x m man by the anterior 
and the middle cerebral arteries (fig. 36). The former irrigates the cortex 
of the medial and of the uppermost part of the lateral side of the hemi- 
sphere. while the latter supplies blood to the rest of the lateral side 

Blood brought by the anterior cerebral artery flows to the precentral 
motor cortex through the callosomarginal artery. The middle cerebral, or 
Sylvian, artery sends off several branches to that part of the cortex which 
interests us here. Le^y (1927). whom Bailey (1933) followed, recognized 
an orbito-frontal. a pre-Rolandic. and a Rolandic branch (fig. 36; 1.2. and 
3 respectively) Testut (1929) describes an “anterior or inferior frontal. " 
an “ascending frontal or prefrontal.*’ and an “arterj' of the Rolandic 
fissure.” This last one. he states, “reaches beyond the upper margin of the 
hemisphere." 

The venous drainage (fig. 37) of the precentral motor cortex is effected 
in two ways. That part of the cortex which is supplied by the anterior 
cerebral artery sends its blood through small veins directly to the superior 
longitudinal sinus. That part which is supplied by the Sylvian artery 
sends its blood mainly into the great anastomotic vein of Trolard. This 
vein, which, for ine.xplicable reasons, has not received the sanction of 
official anatomical nomenclature, is described by Testut (1929) as running 
“along the posterior part of the ascending parietal gjTus” (i.e . the post- 
central gyrus). Bailey (1933). with a finer sense for organic variability, 
described it as running “vaguely m the direction of the central sulcus.” 
The variations in the position of the vein of Trolard are w:ell illustrated 
in Moniz" (1940) phlebograms. 
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PHYLOGENY 

The material given above allows us to discuss some points of the com- 
parative anatomy of the precentral motor cortex. To draw conclusions 
about phylogeny from a comparison of living forms is, of course, dangerous 
(see Bonin, 1945), as T. Edinger (1948) has shown in a concrete instance 

Cortical Architecture and Phylogenesis 

It needs but a cursory glance at the photomicrographs (figs. 5, 10, IS. 
and 22) to see that the cell density of area 4 decreases progressively from 
monkey to man. 

It has long been debated whether cell density is correlated with the 
level of organization of the bram.^ From the point of vieiv of communica- 
tion engineering, the “level of organization” may be defined as a function 
of the number of different messages which the brain or the cortex could 
send out. Obviously, that number depends on the number of neurons and 
of the possible combinations between them. But this in turn depends on 
the degree of synchronization forced upon the individual cells by their 
neighbors, and according to our previous reasoning this may bo a function 
of the cell density An actual survey of many species, however, led Mayer 
(1912) to the conclusion that “the number of cells in the cortex is not an 
expiession of the level of organization of (he brain, nor can it bo considered 
as a measure of the ammal’s intelligence.” 

Von Econoino (1926), along with Nissl, held the opposite view’ and 
proposed his gray/cell coefficient. He defined it as the relation between the 
sum total of the cortical volume and the sum total of the cell volumes. The 
coefficient was actually given only for the human brain. 

Agduhr (1941) pointed out serious technical shortcomings in von 
Kconomo’s technique and gave a method for correcting them. Agduhr also 
objected to an overall coefficient for the entire cortex, and demanded indi- 
vidual coefficients for each layer of each area — a truly Herculean task. 

Van Erp Taalman Kip (1938) determined in a satisfactory way’ the 
relative cell density in selected areas of the cortex of rodents. The reciprocal 
of that quantity measures the average cortical volume at the disposal of 
one cell. He introduces the term “cell temtorj'” for this quantify and shows 
that the cell territories change from animal to animal as the square root 
of the body length 

The concept of cell territory is hard to visualize. One has only to study 

* A -liort ■'unf'v of tlip Ilirritiirc prrtaimng to tin- qup<hon u.k curn bv llonin (lOISi) 

•Up nioi'tirr<l flip i.p\U in ►cetton-' of cliffrrf-nt aiul Viioi\Ti 1bitknpv.-p' iiml poinimmt lii- 
c.in-iint- l>\ Miblrittmir llit t.ilwo foimcl for tlip thinnfT -K^-Iion from tint foiiii'l for tin 
thii Wpr ont 
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a protoplasmic plexus to realize that a certain fraction of each cell territorj' 
is so hopelessly entangled with many others as to defy any simple analysis. 
Even the larger dendrites intertwine, with the result that the “local 
dendritic fields” frequently overlap. It seemed better, therefore, to restrict 
considerations to the cell bodies, and to follow von Economo, taking heed, 
however, of Agduhr’s criticisms. 

At present it is possible to report on only the fifth layer of area 4. The 
resulting gray/cell coefficients are given below. The table also contains 
data about brain weights, the authorities for which were cited in a previous 
publication (Bonin. 1937). _ 

Cray/Cell Brain eight 
Coefficient (in grams) 


Galago 
Macaque 
Chimp inzoc 
Man 


52 7 9 
87 SG 0 
112 400 0 
233 1400 0 


Figure 3S shows a graph of these figures on a double logarithmic scale. In 
themselves insufficient, these results support Economo as well as our pre- 
vious reasoning about cell density and level of organization. 

A second point that can be observed by inspection and varified by 
actual measurements is the increase in the relative size of the giant cells 
of Betz during evolution The measurements given below for man, cebus. 
and the cat. taken from Bonin (1938b). represent nuclear volumes, ex- 
pressed as cubic microns The measurements for the chimpanzee are in 
arbitrarj’ units. 


Man 

Chimpanzee 

Cebus 

Cat 


Ordinary Giant 

Cells Cells Ratio 
371 2328 6 3 

484 2450 S 1 

306 1131 3 7 

441 ISIS 3 4 


It has been pointed out by Bok (I93G) that the surface of a cortical 
gaugUow ecU pvoportiowal to its nuclear volume. Our figures, would 
indicate that in more highly organized brains the Betz cells have a rela- 
tively greater number of axosomatic synapses than the “normal” popula- 
tion surrounding them, assuming, of course, that the number of synapses 
per unit surface area remains constant They accord well with von 
Economo’s reasoning about the importance of neuronal connections for the 
level of cortical organization. 

Lassek (1940, 1941b) has given us some information about the total 
number of giant cells within area 4 of the macaque and area 4y of man 
(see pp. 17 and 41). These figures become of still greater interest if they 
are compared with the total volume of the areas in which they are lodged. 
The volume of area 4y in man was given by Rose (1936). and it may be 
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assumed that his definition was comparable to the one adopted in this 
chapter. The volume of the macaque’s area 4 was measured by the nter. 


A summary of these various measurements folIo%%'s: 

Man Macaque 

Volume of area 4 t (cubic mm ) 2,857 608 

Total number of giant cells (LaSbek) 34,370 18,854 

Number of cells per cutac ram 12 31 


The macaque has more than twnce as many cells per unit volume as man. 
These overall measurements are, of course, necessarily crude. The detailed 
arrangement of the Betz cells, whether solitary, in nests, or multilaminar, 
has completely gone out of sight. Moreover, Lassek's work proves that the 
Betz cells are by no means the only ones giving rise to pyramidal fibers. So 
long as the origin and the termination of the pyramidal tract, as veil as 
the numerical relation between pyramidal fibers and final common path- 
ways are not known lu all details, it is useless to speculate any further. 

Fissures and Areas 

Most authors appear to have given up the comparative morphology 
of the sulci as a hopeless task. Yet at least some sulci of the primate brain 
are obviously as constant as many other morphological features, and it 
is hard, moreover, to think of them as completely divorced from the pat- 
tern of cortical areas It may be worthwhile, therefore, to reexamine this 
problem, less in order to solve it completely than to illuminate its peculiar 
difficulties. 



Fu. 3S— iJiJgram showing Ihc relation' brlutcn bram weight and gray/o II co< (li<-i< iil 
Double logarithmic scale 
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For that purpose, it may be redefined as the problem of the homol- 
ogies of the cerebral sulci. Yet the concept of “homoIog>’,” although 
pivotal for all phylogenetic considerations, has never been rigorously de- 
fined. Even Woodger (1937) in his fonnal analysis of biologj’ stopped short 
of this problem, contenting himself with a discussion in everyday language. 

The confusion introduced into morphology by using the term homol- 
ogj’ in various senses may largely be responsible for the revolt against 
the “historicism” of the early Dannnian morphologists, such as Ray Lan- 
kaster. Haeckel, and Gegenbaur. to name but a few. Beyond somcrihat 
vague topological relations, it is almost impossible to find in the older 
neurological literature a precise morphological criterion for the homology 
of tlie cerebral sulci. Is it possible to get beyond this impasse by taking 
into account the microscopic structure of the brain’’ On page 9 a cortical 
sector uas defined by its thalamocortical connections, i.e.. by its innerva- 
tion. These relations should affoni a valid and workable criterion of homol- 
ogj’, at least so long as discourse is restricted to the primates. We agree 
uith Le Gros Clark ( 1945) about “the futility of attempting to homologizc 
sulci ill widely dift'ercut species." 

Do cerebral sulci stand m definite relation to cortical areas? This has 
been denied by such competent neurologists as .Vriens Kappers, 0. ^''ogt. 
and von Economo. It is to be feared, however, that they went a little too 
far, for there are se\cral sulci about which such relations have to be af- 
firmed. The central, the calcarine, and the callosomarginal sulci are cases 
in point. The importance for cortical folding of the relative expansion of 
certain cortical areas during ontogenesis, and of the different thickness of 
the cortex in different areas has been made clear by Le Gros Clark (1945). 
-\s Elliot Smith has explained (1931). a sulcus may be either a.xial or 
limiting. Wo shall call homologous all limiting sulci which indicate the 
boundaries between homologous areas as well as all axial sulci situated 
within homologous areas. 

It should be emphasized that the relationship between a sulcus and an 
areal boundary is not as sharply fixed as one might wish, for organisms are 
variable. Just as the size of the brain as a whole, or the cephalic index, or 
any other measurable character varies within a given sample of any species, 
so does the distance of a sulcus from an areal boundary. That does not 
preclude the use of average values for comparisons between different 
species For a first orientation, it appears permissible to disregard minor 
variations. Otherwise we may not see the woods for the trees. 

The evidence from alouatta (see fig. 6. p. 15) shows that the central 
sulcus and the posterior boumlaiy of area 4 need not have very close rela- 
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tions with each other. The material gathered in Brodmann’s (1912) report 
or in Huber’s monograph (1934) shows, on the other hand, that the 
topographical discrepancies between boundary and sulcus are rarely very 
large. When we come to the cebus (fig. 8, p. 16) or the macaque (fig. 9, 
p. 17), the relation between areal boundary and sulcus has become much 
more intimate. For the greatest part of the sulcus, border line and furrow 
coincide. They diverge only at the dorsal and ventral ends of the sulcus. 
These divergences become still smaller in the chimpanzee (fig. 17, p. 27) 
and disappear completely m man (see frontispiece). In the case of the 
Rolandic sulcus, complete coincidence of areal boundary and sulcus is 
established only very gradually. Whether this observation can be gen- 
eralized, is not clear a priort. Obviously, the central sulcus of the macaque 
should be considered only “roughly” homologous to that of man. By 
“roughly” is meant that its mam body is homologous to the mam body 
of the same sulcus m man, but that some part of it (it happens to be the 
ventral "bend”), continuous, of course, with the rest of the furrow, docs 
not correspond to any part of the human sulcus 

The position of the precentral suppressor area, or the boundary be- 
tween areas 4 and 6 is marked by the superior precentral sulcus m the 
dorsal part of the hemisphere, i.c., in the field for the leg and arm. It is but 
a small dimple in the macaque, but a constant and easily definable furrow 
m the chimpanzee and in man. 

The boundary between areas G and 44 is indicated by the inferior 
precentral sulcus in man and by the anterior subcentral in the chimpan- 
zee and macaque. The inferior precentral sulcus of man is therefore the 
homologon of the anterior subcentral sulcus of the chimpanzee and of the 
macaque 

In the macaque the anterior boundary of area G is approximately 
marked by the arcuate sulcus. In both the chimpanzee and in man the 
anterior boundary of area 6 cuts right across the pattern of the frontal 
sulci m the dorsal part of the hemisphere. 

The anterior boundary of area 44, on the other hand, is indicated in 
the chimpanzee by the fronto-orbital sulcus and in man by the diagonal 
sulcus of Eberstaller. In the human brain the vertical anterior ramus of 
the Sylvian fissure appears to be an axial sulcus of the frontal suppreseor 
area. The macaque’s inferior ramus of the arcuate sulcus may, therefore, 
be homologous to the frontal-orbital sulcus of the chimpanzee and the 
diagonal sulcus of Eberstaller in man. The change in the configuration of 
the sulcal pattern along the anterior border of area 44 is remarkable and 
clearly calls for further investigations. However, the.se homologies can lie 
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definitely established only when we have more detailed information about 
the functional organization of the human brain. 

iluch of \Yhat has been written about cerebral sulci stands badly in 
need of revision. These brief remarks are merely intended to show that, by 
allowing for organic variability and by choosing the proper criterion, one 
can arrive at homologies of at least some of the cerebral sulci. 

Progressive Differentiation and Use of Symbols 

Another point that can be illustrated by a comparative study of the 
premotor corte.v is the progressive differentiation which cortical areas 
undergo, ^^rea G. it is true, remains practically the same throughout the 
primates, but area 4 shows distinct changes from galago to man. A 
single area in the macaque, it has been shown (see Chapter VIII) to 
consist of two functionally distinct bands (I\' and V, fig. 91b) in the 
chimpanzee. These bands can not be differentiated histologically in that 
primate. In man. on the other hand, a histological differentiation is possible 
within the arm and face fields. The two areas were recognized by von 
Economo and Koskinas as FAy and FA. and we have tried to follow them 
by designating the areas as 4y and 4a., Brodmann realized this process of 
progressive differentiation and discussed it at some length in Chapter VH 
of his well-known monograph (1909): "In many instances certain regions 
of more primitive mammals will have to be considered as oriments of the 
multitude of cortical areas into which they were split up.”* Unfortunately. 
Broclmann’s system of using the same numbers on all his brain maps did 
much to obscure this obvious principle. It is true, he points out again 
and again in the text, that merely using the same numbers in different 
animals does not imply strict homologies, but he e^*identl 3 ’^ underrated 
the peculiar persuasive force of lus symbols. The potential danger of this 
sj’stem became all the more real when his untimely death prevented him 
from publishing detailed cj’toarchitectural analj’ses of man as well as of 
other animals. His last map of the human brain clearly shows that he was 
still revising his conceptions. 

The problem of symbols is by no means easy to soh’e. Two s}’stems 
compete with each other while still others, such as that of the Vogts, “also 
run.” Brodmaim’s sj’stem of numbers is arbitrarj’ and meaningless in itself. 
He siniplj’ called 1, 2, 3, 4 those areas which appeared in that order in a 
horizontal series when searched tlirough dorsoventrallj'. But he certainly 

*. . ^\ird min Melfach ge«»>.'C obea beschnebene Rrgionen einfacherer organij:erter 
S.itigetiere a)> Primiti\ organe der bei hoherer Entnicklung \orhandenen Vielheit \on Rin- 
denfeldem, m welclie die betrcffcmlr Region ■'ich ge«>pilten liit, bezeichncn miiv-en 
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did not stick to this principle, since area 19 must have appeared before 
area 17. However, these are minor details. The great drawback of Brod- 
mann’s system is that it can not take care of progressive differentiation 
The other system is that of von Economo and Koskinas. It is more elabo- 
rate and uithal more fle.xible. Its disadvantages are that it is less popular 
and that it tends to perpetuate the outmoded division of the hemispheres 
into lobes, against which a crusade becomes more and more imminent ' 
We have decided, therefore, in favor of Brodniann’s system, but have tried 
to elaborate by tagging letters on to the numbers. In these days of s)’inbolic 
logic and precise symbolism it may be well for neurology to revise its sys- 
tem, too The treatment of area 4 m this chapter can easily be applied to 
other cortical areas. 

Relative Size of Area A 

A glance at the maps of the precentral motor cortex given in figs. 5, 7, 
IS, 22, and the frontispiece will suffice to show that as we ascend the phylo- 
genetic scale of the primates to man, area 4 becomes relatively smaller in 
comparison with the rest of the precentral motor cortex As mentioned 
before, Rose (1936) gave some data for man. and these could be compared 
with measurements which the writer made on the brain of a macaque cut 
in serial sections. Rose’s figures for area 6 are almost certainly too large, 
since he included everything of the precentral motor cortex which was not 
area 4y. But e\ en allowing some leeway, the difference betw een the monkey 
and man is impressive. In the monkey, areas 4 and 6 are of about equal 
size, while m man. area 0 is about six times as large as area 4y, as show'n by 
the follotting figures- 

(.%) .\rea 4 (oulne mm ) 608 2,857 

fb) Area 6 and area 44 (ruljjc inm ) G3S 17,243 

Relatue ®ire of area 4 — IOOa/(B-t-li) 48 8% t't 2% 

Topological Relations 

During phylogenesis the areas of the face field undergo a topological 
rearrangement which may be of functional importance. Areas 4 and 
reach much farther ventrad in man than they do in the macaque. Con«e- 
quciitly. the border between area 44 and area 43, while present in tlie 
macaque, is completely wiped out in man. The details of tlie areal pattern 
on the Rolandic operculum of man varj' quite widely, as von Economo 

' Tlie wTiter hj® taken owl o|>|>ortunitie3 of pointing to the need for an iniprovod sub- 
dni'ion of the cones (Bonin. IMl »n<l 1*V45, Bonin, Carol, and MrCnllocb. 19-12) The -iiue 
need appears to be felt b\ Beck (1910) 
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(1930) showed. Yet this much can be said, that in man, area 6 elbowed 
its way down between area 43 and area 44. The broad “belt” of granular 
cortex covering the frontoparietal operculum in the cebus monkey (see 
Bonin, 193Sa). as well as in the macaque, becomes narrower in the chim- 
panzee and is almost completely broken up in man. Without confirmatory 
evidence it is not permissible to transfer the “firing diagram” of the 
monkey (see Chapter ^TII) to that which could be constructed for man. 

Broca’s Convolution 

The homologies of the cortical areas advocated in this account are by 
no means entirely nen . as must have been evident to the patient reader. 
It has merely been pieced together from several bits of evidence and has. 
after all, only confirmed assertions made by previous authors. So far as 
the A\Titer can see, however, its implications have never been made clear. 
Broca, Bischoff. and a host of other ^^rlters repeatedly stated that the 
third frontal convolution nos a specific human character and either did 
not exist in loner forms or was at least verj’ rudimentary. Even as late 
ns 1925, von Economo and Koskinas asserted that their area FCBm had 
“no liomologon among animals, just as the macroscopic basis is missing in 
the animal kingdom (rudimentar>' or entirely missing third frontal con- 
volution).” If the homologies advocated on these p.ages are accepted, the 
story reads quite differently. Aiea 44 is present in all primates, including 
cebus and macaque. In the macaque, its electrical stimulation yields move- 
ments of the vocal cords (see Sugar. Chusid. and French, 1948) In man it 
is recruited into the family of cortical areas which subser\e articulate 
speech (see Thiele. 192S. p. 355). Exactly how it subserves speech is 
scarcely understood. 

In the macaque, it has cortico-cortical connections with areas 4 and 43. 
Of the human br.ain we know nothing. Rasmussen and Penfield (1947) 
could throw normal flow of speech “out of gear” by electrical stimulation 
of areas 4 and 43, but not of area 44 Penfield and Boldrey (1937) obtained 
no movements or sensations from area 44. The exact homologue of Broca’s 
convolution in subhuman primates still remains to be found. 

SOME ADJACENT AREAS 
Two areas of the frontal sector. n.imely the frontal suppressor area and 
the area orbitalis agrauulans. as well as the anterior limbic area, require 
a short description. In order to be brief, we shall refer only casually to sub- 
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human forms, although their experimental study has furnished the most 
important dues, and confine ourselves mainly to the human brain. 

Frontal Suppressor Area 

A frontal suppressor area, defined physiologically by its property of 
suppressing motor responses and the electrical activity of the rest of the 
cortex, was found in both macaque and chimpanzee to extend in front 
of the precentral subsector over the whole lateral side of the hemisphere 
(cf. Chapter VIII). It is a comparatively narrow band, and forms part of 
the frontal oculomotor field (see Chapter XII)- 

The architecture of this band, however, is not uniform throughout its 
extent. In the macaque, it corresponds to Walker’s (1940a) areas SB, 8A, 
and 45 and to Bonin and Bailey’s (1947) FC and FDF. Its ventral part 
contains large pyramidal cells m both layers HI and V and vs eugranular. 
while Its dorsal part is tenuigranular. It may be inferred tliat the “frontal 
suppressor area” in the human brain consists of FC (fig. 39) as well as 
of either the anterior part of FCBm, or FDF (fig. 40) of von Economo and 
Koskmas. In Brodmann’s nomenclature this would be area 8 and the most 
occipital part of 9, as well as 44a or 45. A^ has been said above, there are 
reasons to look upon the anterior part of FCBm as a suppressor area 

For purposes of histological description "'e must subdivide the frontal 
suppressor area into a dorsal part, which we shall call area 8 and which 
coincides with von Economo’s FC, and a ventral part to be referred to as 
area 45, following Brodmann. This amounts to an extension downward of 
Brodmann’s area 8 of the human brain on the basis of von Economo’s 
results (cf. figs. 2a and 3a). 

Area 8— In area 8, the thickness of the cortex is less than in areas 
4 and 6. It is hard to recognize this cytoarchitectural area in the myelo- 
architectural maps of the human brain published by 0. Vogt (1910) or 
by Strasburger (1937). 1’on Economo suriuises that Vogt’s areas 47, 40, 
and 55, and perhaps 36 and 45, belong to his area FC (which is our area 8). 
An examination of Strasburger’s map makes it likely that 45 belongs to 
area 8, while 30 must remain doubtful. Strasburger illustrates the myelo- 
architecture of areas 45, 47, and 55a, showing but slight difforencos be- 
tween tliem. The most important thing to learn from these studies is tliat 
the outer stripe of Baillarger is broad and has a sharp inner, but a blurred 
outer, boundary. It is clear that what is conventionally called layer IIIc 
IS still withm the stripe of Baillarger. Some ycar.s ago, Lorente de No 
(l93Sa) was at great pains to point out that it was not certain whether 
the laminar pattern described by him for the parieto-tcinporo-occipital 



Fir. 39 — Dorvil part of area 8 of the iiuman cortex Toliuijin bli 
and Ko^klna< (1925, |)lilp XII) Mncnifirnlion alxnit -15 I 
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cortex was applicable to the frontal cortex as well. After comparing the 
myelo- and cytoarchitectural patterns of the frontal sector and after study- 
ing silver preparations, there seems no reason not to extend Lorente de 
Xo’s fundamental scheme. We shall have to make an adjustment, however, 
by counting layer IIIc as layer iva, since it is definitely i\ithm the stripe 
of Baillarger. The cytoarchitectural structure then becomes easy to under- 
stand, and presents largely a repetition of what is found in other areas 
The border between layers ii and in is blurred The third layer is broad and 
contains medium-sized pyramidal cells, which are larger in the deeper parts 
of that layer. Layer wa blends with the lowest part of la 3 'er hi. It contains 
pjTamidal cells of about the same size as in the lower substratum of m, 
interspersed with smaller granules. It is clearly delimited from layer ivb. 
That sublayer is thin, but well defined, and contains mostly granules and 
only occasionally larger pyramidal cells. The fifth layer can be subdivided 
into an upper substratum containing comparatively few and small cells, a 
middle layer containing larger pyramidal cells, evidently of the efferent 
tj’pe. and a lower sublayer more sparsely filled «ith cells which are either 
pjTamidal or triangular. The upper substratum is correctly indicated by 
von Economo and Koskinas on their plate XIII The distinction between 
layers vb and vc, however, is not drawn. The sixth laj'er contains poly- 
morph cells; it represents nothing unusual. The border against the white 
matter is not very sharp, although more distinct than in the motor cortex. 

Area 45 or FDF is one of the most easily identifiable areas in the 
primate brain. It has been found m Hapale (Peden and Bonm, 1947). It 
has, upon reexamination, been identified in the eebus (it was overlooked 
bj' Bonin m 193Sa). Bonin and Badcy (1947) described it m the macaque 
on the anterior hp of the lower branch of the arcuate sulcus, and it is 
easily found in the chimpanzee. In the macaque. Chusid. Sugar, and 
French (194S) have iinestigated its cortico-cortical connections (see 
Chapter VIII) and have observed the effect of its stimulation upon ocular 
movements. 

The homology with the human area FDF rests at the moment entirely 
on cytoarchitectural resemblances since nothing appears to be known of 
tlie function or the results of stimulation of that area m man. 

According to von Economo ami Koskinas, area FDF is much thinnei 
than the adjacent regions, has a more pronounced lamination and column- 
ization, a much lighter fifth laj'er, and conspicuously large pyramidal cells 
in the lowest reaches of the third layer (which appears to be lax’er IVa) 
Mj-eloarchitecturallj’ it shows (cf. von Economo and Koskinas. 1925, loc. 
cit. fig. 123, p. 360) a confluence of the inner and outer stripes of Baillarger 
(unitostriate tj’pe). 
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Area Orbitalis Agranularis 

The orbital agranular area was considered by Campbell (1905, plate 
XXII) as a part of the “intermediate precentral" cortex, and by von 
Economo and Koskinas (1925) as FFa (fig 3a). Brodmann indicated it 
on his map (fig. 2a) of the human brain as 47, but failed to show it in 
subhuman brains. It was also overlooked by Bonin (1938a) in his de- 
scription of the brain of the eebus IValker (1940a) described it recently 
in the macaque as area 13 He pointed out that Spencer, and Bailey and 
Sweet had obtained respiratorj' arrest by electrical stimulation of this area 
and that it was evidently the homologon of this area in the cal from which 
Bailey and Bremer had obtained action currents upon stimulation of the 
vagus. Walker's nomenclature is apt to cause confusion, since Brodmann 
(1909) used the number 13 for an area of the island of Red in Hapale, 
lemur, and other mammals Bonin and Bailey (1047) described it as area 
FF in the macaque. Meyer, Beck, and McLardy (1947) appear to consider 
the medial pari of the orbital cortex, i.e., Brodmann’s area 11 as the 
homologou of that area in the macaque on which Bailey and Sweet (1940) 
worked. They state that this area receives thalamic afferents from the 
magnocellular portion of the medial nucleus. While the question can be 
definitely settled only by direct observations, the relations of area 47 to 
the orbital sulci as well as the cytoarchitectural characteristics strongly 
suggest the homology adopted here. 

Area 47 was considered to belong to the “infrafrontal” region by 
Brodmann (1914) and, what amounts to the same thing, to the “wider 
area of Broca" by Kreht and Strasburger. From Kreht’s cytoarchitectural 
studies his fields 61, 62. 63, and 66, and perhaps 64 appear to belong to 
Brodmann's area 47 Strasburger described 61 and 62 as bistriate, and 03 
and 66 as uiiitostnate The photographs accompanying his later paper, 
however, show comparatively little difference between all these areas. 

In man, area 47 (fig 41) is characterized by small cells throughout. 
The border between the .second and the third layer is distinct. The size of 
the pyramidal cells in the lower parts of the third la>er is not much greater 
than m its upper part. The fourth layer which we define again as that 
stratum which contains the outer stripe of Baillarger, contains mostly large 
cells spaced about as far apart as in the lower part of the third layer. A 
cell stain will, (iiereforo, frequently fail to show a definite fourth or “gran- 
ular" layer. Hence the name area orbitalis agranularis. \’on Economo ami 
Koskinas mention, however, (hat in some individuals (he fourth layer con- 
tains dense]}' packed granules, fonmng a conspicuous layer in cell ])repa- 
rations The fifth layer contains again only «maU cells and can not ea«ily 
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be subdivided into sublayers. The sixth layer contains small fusiform cells; 
the border against the white matter is fairly sharp, 

Area 47 is present in all mammals thus far investigated, e.g , in the 
chimpanzee, the macaque (cf. fig. 9, p. 17), and the cat. The conception 
expressed by Brodmann in his nomenclature can therefore not be upheld. 
Brodmann was evidently influenced by the teachings of Broca and many 
others, who, it will be recalled, held that the third frontal convolution on 
the orbital part of which area 47 is situated was a new phylogenetical 
acquisition characteristic of the human brain. What was more natural than 
to assume that the cytoarchitectural areas covering man’s inferior frontal 
convolution had no homologon in lowly beasts! 

Anterior Limbic Area 

Area 24 — The anterior limbic area (fig. 42) was not recognized by 
Campbell. The first to describe it and to show its position was Brodmann 
(cf. fig. 2b), who gave it the number 24. Voii Economo and Koskinas (fig, 
3b) designated it as LA. and subdivided it further into LAI, LA2, and LA3. 
The area w’as studied in detail by Rose (1928). 

Recent experiments on the chimpanzee by Bailey et al. (1944) and on 
the macaque by W. K Smith (1945) have shown that area 24 is a suppres- 
sor area. Smith observed in addition a complex response (opening of 
eyes, dilatation of pupils, etc.) bearing “the connotation of emotional 
expression.’’ 

Through embryological studies. Rose (1926) came to the conclusion 
that the cortex of the anterior cingular area, as well as that of tivo areas 
in the retrosplenial region, differed fundamentally from the rest of the 
cortex in its pattern of stratification. The Isocortex proper wus, in Rose’s 
terminology, a cortex holoprotoptychos septemstratificatus The area just 
mentioned he described as cortex holoprotoptychos quinquestratificatus, 
or. for short, as inesocortex. The three areas bear mcsocortex of different 
type,. To Bcoc,ltt\a.i.u\’s, area 24 Ue applied the luyeloarchitectural term regio 
infraradiata. Brodmaiin’s 30 he called regio retrosplenialis agranularis, and 
area 29 regio retrosplenialis granularis. The inesocortex was studied by 
Rose (1928) in marsupials, some lower mammals, the lemur, the chim- 
panzee and man. In the lower mammals, as well as in the lemur, the meso- 
cortex covers the whole gyrus cinguli and is continuous posteriorly witli 
the retrosplenial region. In the two higher primates, the regio infraradiata 
1 = divided from the retrosplenial formations by a wide expanse of jsocorfex 
covering the posterior part of the gjTUS cinguli. It may be added that this 
liolds true also for the macaque (Bonin and Bailey, 1047), for the 
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cercopithecus (Broclmann, 1909), and for the cebus (Bonin, 193Sa). In the 
primates, as Rose states, “the g 3 rrus cinguli is not architecturally homo- 
geneous.” The photomicrographs of the anterior limbic area published 
by Rose suggest a remarkable constancy of its architecture from mouse 
to man. 

Mention should finally be made of a long and narrow strip of cortex, 
hidden in the macaque and the chimpanzee for a large part m the depth 
of the sulcus cinguli. By the method of physiological neuronography it 
was found that this area receives association fibers from all the suppressor 
areas of the cortex (see Chapter VIII) 

In man, this area appears to correspond to Brodmann’s areas 32 and 
31, with the proviso, however, that these two areas are contiguous, prob- 
ably m the depth of the sulcus. Areas 32 and 31 obviously differ histologi- 
cally from each other, and the intervening part may also have other 
characteristics. But a more thorough study of this part of the cortex has 
to be postponed. 

EPILOGUE 

We are at the end of our survey. To the reader who has had patience 
enough to work his w'ay through this chapter, it null have become clear 
that the description of the precentral cortex presented on the foregoing 
pages differs from that found in previous texts. The writer hopes to have 
made clear his reasons for this <!eviation from tradition. The conception 
of the precentral motor cortex expounded here rests on three lines of 
evidence: (1) on the architecture of the cortex, (2) on our knowledge of 
subhuman primate brains, and (3) on physiological observations. The last 
point IS particularly important for the suppressor areas Our conception 
IS hypothetical insofar as it presupposes that all primate brains exhibit 
the same fundamental pattern Hypotheses are of scientific value only 
when there is a method of testing thoin That should be possible in our 
case, hut it IS clearly the task of the neurosurgeon who alone cnjoy.s the 
privilege of observing the living human brain 

To the extent to which our vie%\s may be accepted by the clinician as a 
challenge, and may lead to eventual clarification, this chapter will have 
contributed to clinical medicine.* 

In a few’ places we liave indulged in speculations about cortical ac- 
tivity, for the dry details of histology are lifted above the rank of “vacuous 
acuity' only when they can be made to contribute to our understanding 

■<)n AuKiHt 3 1913 Hii<^ na- jblo \0 dniiKin-tnU- in !lir liiitiiin brine rrlixilioii of 
iim.'iiil.ir contniction iin'i abolition of aflrr-tli'clHnir bx •.tiniiil itmir flir anlrnor lip of Ihr 
'iij-rrior ) rrtrnlrjl sulciH '\\irrc .m i xm- inMiincil 4o hr Uni <p( p 51) 
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of cortical function. The most important question that could be discussed 
was whether a “field.” in the sense in which the theory of isomorphism 
uses that term, can be established or whether cortical events remain indi- 
vidualized. not whether cortical activity was motor or sensory or chalastic, 
i.e., suppressing. This generalization may be made therefore: What the 
cortex does, is determined by its connections with the rest of the central 
nervous system; how the cortex does it, depends on its histological struc- 
ture, on what is commonly known as its architecture. There is no way, at 
least so far as the writer can see. to check hypotheses of cortical activity by 
experiments. The only way uhich promises progress is to work out a formal 
theory taking into account the degree to which the cortical substrate 
approximates that required for a field and to test the consequences in the 
light of observable facts But this should be left to others better trained 
in theorizing. 

To the extent to which this task will be uiulertaken. this chapter will 
have contributed to our understanding of cortical activity. 

The approach from comparative anatomy led to a conception of the 
evolution of the human brain differing in at least one important aspect 
from previous attempts. It concerns the third frontal convolution. Its 
opercular part, which bears the “motor speech center" of Broca, appears to 
be an old constituent of the primate brain and its orbital part, which bears 
area 47 of Brodmann. is at least equally old if not older. This result should 
lead to a revision of the conception of the frontal lobe. But we shall also 
arrive at different conceptions concerning the origin of language depending 
on whether we look upon man’s speech center as something of recent or 
of ancient phylogenetic origin. If the latter alternative is accepted, it 
could bo argued that the transition from the simple movements of larynx, 
tongue, etc., of which a beast is capable to the finely adjusted muscular 
activity- of speaking fand singing) man requires first and foremost a 
sufficient e.xpanso of the cortical territory mediating their nervous control 
The acquisition of language could then be linked with the increase of the 
size of the brain. Further elaborations arc undoubtedly needed But specu- 
lations (or should we say reasonings?) about evolutionary processes are 
by their very nature unverifiablc and therefore almost beyond the pale of 
science. iNIorphological discussions suffer, as we saw, from the lack of a 
clear definition of their central concept, that of homology. The attempt 
has been made to supply a enterion for homology by using the afferent 
connections of cortical areas. It has been tried m a very limited field only, 
and much more has to be done before it can be finallj' adjudged. 

To the extent to which this criterion of homology will prove useful, this 
chapter will have contributed to the morphology of the primate brain. 
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ARCHITECTONICS AND ELECTRICAL 
ACTIVITY 

T he electrical activity of the nervous system is mani- 
fest as differences in potential which develop coincident to function- 
ing. From the signs of function which can be recorded from the 
peripheral nerve to those which express the activity of the precentral cortex 
is a very long step as viewed in terms of the relative complexities of the 
anatomical substrates involveil. Yet the axonal elements of the cortical pat- 
tern are the only ones nith which the elcctrophysiologist is passably fa- 
miliar; and if he is willing to ignore cell borhes and dendrites to the extent 
of representing them as modified axons, he may consider records of cortical 
activity as those of summed axonal elements functioning in parallel cir- 
cuits. His knowledge of how to interpret (he form of cortical records, then, 
stems back to the peripheral nerve through the various complications in- 
curred in analyzing records from linear tracts of the CXS. Those other 
complications of electrical records for uhich cel! bodies and dendrites may 
be responsible can only bo interpreted after the various patterns of 
summed axonal records have been studied. 

The potentials of the CXS may be recorded as “spontaneously” fluctu- 
ating changes of different amplitudes, polarities, and frequencies (Berger. 
1929; Adrian and Matthews. 1934; and others), or may be induced by the 
natural stimulation of sense organs (Bartley, 1934; Marshall. Woolsey. 
and Bard, 1937 and 193S) or by electrical stimulation of nerves or path- 
ways leading from sense organs to the region of the nervous system under 
investigation (Bartley and Bishop. 1933; Hembecker and Bartley. 1940) 
In the analysis of records of activity the electrical stimulation of the nerve 
or tract activating a part of the nervous sj'stem has the obvious advantage 
that with a sufficient stimulus the elements thereof fire simultaneously, 
and the inteivals between successive stimuli may be timed either to coin- 
cide with or to fall between the fluctuations of “spontaneous” activity. We 
may thus observe a record of many units responding m parallel, and con- 
sider that the form of this record is the same as that for the unit except in 
amplitude. 

Thorough study of the processes of excitation and conduction in the 
nerve preceded the investigation of electrical activity of the CXS; and the 
first correlations between histological characteristics and electrical records 
became known through the identification of rapidly conducting compo- 
nents of the nerve potential with fibers of larger diameter, the slowly con- 
ducting components with fibers of lesser diameter (Gasser and Erlanger, 
1927; Bishop and Heinbecker, 1930). The same correlation is demonstrable 
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in certain tracts of the CNS in which uniformly oriented axons of different 
dimensions occur (Bishop, 1933); but as these tracts enter the synaptic 
centers where they branch dichotomously, or change in calibre and termi- 
nate synaptically in relation to other neurons, new problems arise in the 
interpretation of electrical records. These problems are in part the general 
ones which deal with influences that modify the form of the potential 
record obtained from any active tract embeddetl in inactive tissue or other 
electrolytically conducting matenal. In part they are specific and relate to: 
(1) how the morphological configurations of different centers influence the 
potential records obtained therefrom; (2) what parts (axon, dendrite, or 
cell body) of the neuron are active in producing the different components 
of electrical records If the nature of the general problems is understood, 
the solution of the specific ones can be approached by seeking the charac- 
teristics of electrical records and of histological structure in the different 
centers and attempting to relate the correspondences or lack of them 
that occur. 

The subsequent account commences with the description of the form 
of action potentials in the peripheral nerve and the various modifications 
of these which may be encountered in recording from linear tracts of the 
CNS. These data provide the basis for considering the changes in the form 
of the electrical record which ensues as an electrode passes through a layer 
containing presynaptic terminals, synapses, and closely aggregated cell 
bodies and dendrites (lateral geniculate nucleus). Then the known facts 
of cortical architecture which appear to have significance in the interpreta- 
tion of electrical records of cortical activity arc presented m such a way as 
to avoid references to specific architectonic fields. This has been done to 
emphasize that, in so far as ive now know, the forms of cortical records 
from different fields do not differ sufficiently to suggest that an analysis can 
now’ be attempted m terms of the specific morphological traits which differ- 
entiate one field from another. The application of the morphological data 
to the interpretation of cortical potentials is also considered as a whole, 
placing special emphasis on the area striata of the cat, the area with which 
the author is most familiar. The results of the application show what ha*! 
been accomplished and what are likely to be the fruitful channels for in- 
\estigatioii of the precentral cortex. 

Record of Activity in Linear Tracts* 

In general an “active” region of a nerve element is negative in po- 
tential sign relative to inactive regions on cither side of the active point. 

' A t( chnical cii-cu-ion of Ibe-o |•roblcIU« in lemw of lh«“ mrmbninf tliforv n to hr- found 
m an article bj G H Di-hop m the -IrfA Int de Phyaoi , 1D37, \ol 45, up 273-07 It i- 
entitled "L.i thoone de« circuits Ioc«h\ pcnnct-elle dc pn'toir Ji forme du potentiel d'aciion’ ’ 
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The propagation of this activity, electrical or otheruise. along a nerve axon 
constitutes the nerve impulse If each of two recording electrodes is close 
to a pathway, over which a ner\’e impulse is propagating, they become 
negative one to the other successively as the impulse arrives first at one and 
then at the other (fig. 43). The record of such activity is diphasic; and the 
“potential” observed is. of course, inerel}' the curve of physical difference 
of potential between the electroties, whatever their spatial relationship to 
the pathway. In the simple case of an isolated nerve suspended in air each 
phase can be assigned to its proper electrode as a physical sign of physi- 
ological activity occurring at that electrode. However, in recording from 
intact fibers embedded in a mass of active nervous tissue this simple situa- 
tion is rarely met; activity may occur near both electrodes or between 
them, and the simple ph 3 -sical datum of a difference of potential is not 
sufficient to give the physiological information desired, i.e. where the source 
of potential is and what is the significant form of the underlying activity. 

In such recording from the CXS the attempt is customarily made to 
place one electrode at an “indifferent" point, in the naive supposition that 
the electrical sign of activity can thus be imputed to the locus of the other 
electrode. In the case of linear excised nene trunks suspended in air this 
is a satisfactorj* expedient, and killing the nerve under one electrode leaves 
a record chiefly of the activity m the vicinity of the other. However, such 
an interpretation is not generally feasible in three-dimensional systems 
such as are encountered in the CXS One does not usually wish to kill any 
part of the pathway that is being studied, and even doing so would not 
result in simple records assignable to one electrode region. Activity at any 


<y> 



Fici. 43 — ^The consentvonftl «h«rae for recording lioedr -tretebes of nerve in air. Aruiag 
at the stimulated point A', the impiil-e amir- sucoe^siielv at A .and B, the loci of too 
electrodes connected through a reconlmc deiiee The identical form of actiiitj i- recorded 
as deBectiom. of opposite {Kibritie- at A and B, as indicjtei) m A'B'. If the conduction time 
between .4 and B i» short, the too wa\e- «ill be partially supermipo^ed, a» A’B~ 
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region sets up currents that flow through other regions, and both electrodes, 
wherever they are placed, may in general be within the physically conduct- 
ing field of activity. The form of the record of even the simplest activity 
then depends upon the positions the electrodes occupy in this field. 

Instead of a simple diphasic record, a double triphasic one is the most 
generalized type to be recorded from a three-dimensional system such as 
occurs in the CNS. It is not usually recorded in pure form; but other forms 
(fig. 44) which are recorded can often be understood as modifications of 
this basic type, and it is the modifications which give the clue as to the 
type and locus of activity. The double triphasic record may be expected 



Fio 44 — The result, comparoblo to fig 43, of the nmc being immer'cd in a conducting 
medium instead of being hud acros» electrodes in air Each phase of the diphasic A'B' of fig 
1 becomes itself a triphasic figure In A’B’ (he conduction tunc is assumed to be such tint 
the first positne dcficction of D coincides with the negatne dcfiection of A See fig 45 

wherever activity is recorded from two electrodes both of which are in con- 
tact t\ith a linear conducting bundle of fibers embedded in inactive tissue 
or other electrolytically conducting material. This happens when two 
needle electrodes are so inserted into brain substance ns to make contact 
with a specific linear tract such as the optic tract (see p. 89) During 
activity current flovs from each side of an active region, passing outside 
each fiber through the inactive tissue which surrounds the tract and back 
to Its point of origin (fig. 45). Some branch of the external current flows 
past one or each electrode as the impulse arrives m its vicinity. As the im- 
pulse approaches it the electrode lies in a part of the field which is rela- 
tively positive; as the impulse passes under the electrode a more negative 
region of the field propagating with the impulse surrounds the electrode; 
and as the impulse recedes beyond the electrode the first condition is re- 
peated in reverse order. The resultant plus-immis-plus deflection in the 
record corresponds to the arrival at the electrode of these three regions of 
the propagating field and not to the arrival of the impulse itself; the 
phenomena are repeated with propagation to the other electrode as mimis- 
plus-mimis deflections. These two tnpliasie series appear in the records 
with opposite signs because of the opposite relations of the (wo electrodes 
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to the recording device, even if the actual conditions under the two elec- 
trodes arc identical. 

In practice these simple relations are modified by so many factors that 
a simple triphasic record is rarely obser\’ed. The region of the field ahead 
of an impulse may be definitely positive relative to a region of activity but 
negative to a region further away (for example, to the region of the other 
electrode) so that no noticeable positive deflection appears in the record. 
Tlie apparent start of the record is, however, affected, and the form of the 
deflection is not an accurate measure of the impulse at a point. Asym- 
metrical shunting of an active pathway, such as occurs when it lies close 
to and parallel to a surface of the tissue mass in which it is embedded (it 
may be subject to air insulation as are the superficial tracts of the exposed 
spinal cord), accentuates the positive phases of the record. Curvature of 



Fio 45 — Theoretical form of the |>ofentia) field about ua impul-e m a linear element im- 
mersed m a conducting ineduim. rejire^ented m two dimen'ion- onij Branches of the current 
from pliL' to minus flow in the eMemal nuHliuni from .4 and A' toward B, current flow lines 
indicated bj d-idi circles and arrows The lines ot equal potential in such a field cro'« the 
current flow lines at right angles, as indicjtetl by full contour lines This whole potential field 
miy be thought of a» propagitmg with the impulse, from the direction of A' to C If elec- 
trodes are pheed at A and C, the electrode at A will become successiiely positne, negafiie, 
and pO'itiic to that .at C, a« this electrode occupies the positions /I, B, and A' with respect to 
the field A- the inipul'e pj«srs C the record will be repented with opposite polarity, as in 
vl’B’ of fig 44 Note that mi’cimum positiiitv is recorded where one of the i^opotcntial line« 
1' tangent to the line between electrode'- It is obMous from the figure that the further 
htenilly the electrodes are placed from the active element out in the medium, the greater the 
time elap'ing between mAMmum po-itivitj and maximum negaliMt^ That i«, the form and 
time relations of the record dejiend in general on the >patiil relations of the electrodes to 
the ti-ssue. 
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Fiq 40 — Records of linear tracts of the CNS of the cjt. For each record the optic ner\e 
\\as Kuen a single stimulus in the eye socket One recording electrode (* 2 m fig 47) was 
[ilaced ju‘t beneath the lateral geniculate nucleus, one (^2) in the subcortical i\hitc matter 
belov. the medial ^\ipta«ylMan and one 1) was pas«til by 1-inm steiis on a slant 

from the optic cortex coteiing the lateral g>TUS downward and laterally toward the lateral 
geniculate nucleus, pissing through the cortex and optic radiation Ilach record was obtained 
by employing the motable electrode and one of the fixed electrodes as loads Fxcept for rec- 
ords iniolMUg the striate cortex, Bi, S, and 4, each figure represents the re^jionses of eitlier 
the oiitio tract or the optic radiation or both, the carious forms dejiending upon the po-ition'i 
of the electrodes The fir«t deflection in each record is the disturbance ciU'ed by the shoek 
at the eye socket A perpendieulir line IS drawn through the start of the optic rarliation 
re«i)on>e at the cortical ieiel, the response is slightly earlier at the geniculate 

AI, optic radiation only, 1 electrode above hippocimpus, A3, waie of this record 
optic tract, 3nd, radiation, reeoided near geniculate, A3 and A4 same electrode entering genu- 
ulate, A7, the electrode leaclies a bundle of optic tract fibers which do not actuate the 
radiition (they luie a higher threshold anil slower conduction rate and are recorded us a 
■'p|iar.ite liter waio) In Hi, a stronger stimulus actuates more of tlipsf. kIow fibers Af>, tlit 
fir't liacf response and tbe radiation lesiKm-o, deeiier in the gimieulite, and B'j, flie (iilclilion 
of till later tract w iic mer-ed in i>o!arit> ul this leael 

111 5«t optic Irart waac and radiation iespon>e, HJ, radiation ami fir-l rortic.d muron, 
/if 'line higher m lortex, B4< rc'ponsp of the geniculite, tract iind railiition, plus corlii il 
r('|Hin'e ohtiiineil from one eleclroiie below flie geniculate, and one on the surface of the 
sliijte cortex The ciiphasii prorc-^s through which the aerficit line pa-scs is the radiation 
n 'iion-e recorded at each electrode Itofh elecfroiles are therefore bey ond the termin ilions of 
llie radiation fillers, e ich records a po'itiie deflection when the iiiipiil'e oei iiim-s the iidj iii nl 
I nd of the I'lthwai lx tween eleitrodes (After Jlisliop and O’l/cary, 1&12) 
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Fio 47 — Tniisxcrse section of ratV 
brain through the caudil le^el of the hleral 
genicuJate nnclens (G) atnl ihc antenor 
region of the M'IuI cortex (OC) indicating 
the electrode po>Uion> for records of fig 46 
t, track of electrode |us*ed bx ete|>s from 
the cortex to the geniculate, cutting the 
optic radiation (dotted lines) as the litter 
condenses into a bundle about half »a.x 
down; beloix this the radiation pa"es an- 
terior to the track of the electrode, 2, elec- 
trode below the dor'al nucleus of the iater.il 
geniculite bod> , i, electrode m nhite sub- 
stance belou suprasjUun g)tu«. Th. thiU- 
mus, or. optic tract to lateral geniculite 
nucleiK tind sui>erior colheiilii' (After 
Bi-hop ind O'Learj', 1042) 


the pathway with reference to a line 
between the electrodes is another 
tjTJe of asymmetry frequently en- 
countered that affects the form of 
the record When a pathway ends at 
synapses, one electrode being situ- 
ated m the presynaptic region and 
the other beyond the synapses, the 
second triphasic complex is of course 
absent, although a modified record 
of the activity at the synapse may 
be obtained. The development of the 
third or final positive phase of 
the first complex then depends on 
the conducting distance from the 
electrode on tlie tract to the synap- 
tic endings. When the electrode is 
close to this region tlie final positive 
phase IS absent and a plus-minus 
diphasic record results, \'nrious 
forms of the records of relatively 
simple eXS responses are presented 
in fig. 46. with arrangements as in 
fig 47. 

Other modifications result from 
the variable distance at which an 


electrode may be situated relative to the active tissue. The record from an 
electrode decreases ni amplitude with greater distance, and the relative 
prominence of positive and negative phases is also affected. Insertion of an 
electrode into the center of an active tract (among its hhers) should in- 
crease the negative deflection and decrease the positive, except that the 
unavoidable killing of tissue about the electrode tends to reverse the nega- 
tive phase itself, making this electrode relatively positive to the active 
tissue around it. The system then acts as if the activity were at the other 
electiode, at whatever distance it may be from the locus of activity, in the 
sense that the distant electrotie becomes relativ'ely negative. 


These gener.ihzation- conceniing the ex- 
pected form of record- of activity from 
line.vr tracts are exemplified ulien the optic 
tract of the eat is recorded from the vicinitj 
of the lateral gemciil itc boilv. Under light 
Nembutal anesthe-ii (025 to 035 cr. iw 
kilo), siipplementeil by ether during the 


penoif of preparation, a intcronietncal!.' 
controlled needle electrode insulated to 
within 05 mill of the tip i» thru-t direetl.' 
into the tract and record-* are taken at 
vanoii'i depth- The tract i-* actuated by 
brief electric shocks applied to the contra- 
literal optic nerve and the critical neeille 
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tip IS directed into the tract and recorded 
inferchangeablj' against one of three distant 
rejerence needle electrodes One of these la 
placed caudal and central to the tract m 
the medial geniculate niieleiis, another in 
the medial area of the thalamns, and the 
third m the caudate nucleus 
T«o axon wa\es, assignable to faster and 
slower fibers (in the recorded range) mav 
be recognized anywhere in the brain stem, 
e\ en in regions occupied bj the optic ladia* 
tion (BisViop and O'Learj. 15)42) This is 
prosiiniably due to the fact that the contra- 
and homolaferal tracts form an almost com- 
plete circle about the brain stem Under the 
conditions of lecordmg cited abo\e the 
three rejermce elecfiodea occupy neail} 
I'opotrntial jiositions m the field, and the 
cnticdl electicfle jields a positne i>pike 
coucsixindinij; to actiwty in the optic tract 
when the needle is m the optic radiation 
When inserted into the ti ict. di- oi In- 
plusic iccords result, the posilne phases 
lepcesentmg actiiitv at other regions tlian 
the electiode That the recoid is stiongh 
iipgafiie for the fibers with which the elec- 


trode 18 in immediate contact is demonstra- 
ble bj recourse to a fortunate anatomicil 
consideration based upon the segregation of 
axons within the tract As the tract ap- 
proaches the lateral geniculate bodj the 
larger axons separate to enter the dorsal 
nucleus, whereas the smaller ones turn 
toward the supenoi colliculus As the needle 
passes into the tract it may record the first 
tract spike ns ft predominmth negatne 
waae, due Jo the fact fliat the elcctiodc tip 
Is in contact with the lirger axons, whcieas 
the second tract spike is recorded triplusi- 
rally because the electiode has not jet 
made contact with the smiller axons As 
the neetlle tiii pas-es deeper, so that it is 
in contact with the smaller axons, the con- 
dition i» leiersed, and the first tract spike 
la recorder! tnplusically, the second spike 
as ft stionglj negitne deflection The reiie- 
tition of observations of this character jn 
pirnllel exiieiiments histologically con- 
tiolled emphn-izes for an anatoniicallj 
simple case wav m wliuh the functional 
correlates of histological «triicture may bo 
obtained in the CNS 


Partial Synchronism of Discharging Elements 

In recording from the CNS, the different elements active in a tissue 
are not necessarily, or usually, synchrontred, as has been assumed above. 
Larger axons conduct more rapidly than smaller ones, and even if all are 
stimulated together the impulses may arrive at a recording lead out of step 
with each other Negative phases of some elements will then coincide with 
the positive phases of others, and since the negative phases should in 
general be greater in potential-time area, the result can be a simple deflec- 
tion of longer duration than the simple impulse in any one element would 
give rise to Furthermore, if sense organs instead of axon pathways are 



Tier 48— A reprr-ents the form m which a einglc iimt of ft tract miulit be rccoidoil b\ 
■‘Uitiblv phcod electrodes, □« a monoplusie wave. It h a^iUmed that the number of iinils 
re-ponding inerea-C'' witli time, then falls off agjin, sueb tint 4 respond at II, 5 at C, r(e 
The long w ne then represents the summation retord of all the reapon^es in a btir-f, jk-'Uiii- 
mg that the inihv idinl re-ptm-es o^\eTklp smoolhlj Tlie fonn of the fisevall c\inc is a iiiea<- 
ure of the time cour-e of the total di-chnrge rither th-tn of the re-jion-ei of the uniH II i- 
l>ON>ible that the cortical alpha wnc *ignili*es ^llch n biir-l of iiiinv di-chirge^, repealnl 
I'enodicillv 
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stimulated (Bartley and Bishop. 1942) or if “spontaneous” activity is 
being recorded, anything may occur, from a completely random activity to 
the degree of synchronism occasioned by the mutual facilitation of parallel 
elements, a phenomenon that can in fact occur at synaptic regions. The 
limit of completelj' random activity may result in a constant record shoe- 
ing no activity at all, and to the degree that activity is asynchronous, the 
record is an unreliable measure of the activity giving rise to it. For this 
reason, if for no others, the interpretation of CXS records is much more 
precarious and requires information of physical, histological, and physi- 
ological character concerning the precise conditions of activation in each 
experimental case. This has led the workers in our laboratory to place most 
reliance upon induced activity in seeking histological correlates with the 
form of electrical records. 

An interesting special case is that of “modulation” of frequency in the 
activated elements; that is. the number responding per unit time increases 
and decreases rhythmically (fig. 4S). This is probably a fundamental 


A 

A' 



Fic 4t> — ,4/1’ represent?, A in fig 4S the rc'ponse of u single utui but hero recorded 
dipha-icallv It i? .ie?umed .igjin that the number of re^pon'c-- .it e.ich lE'tant increases with 
time, then decrca-es lDiti.i]|,'h the mm of jH the first pha'C' .it C will be pre.iter than th“ 
sum of all the second phases. B', at thnt inst.iot. «mce the -econd plw'e- are tho-e following 
the smaller number of first pha'Cs recorded just j>re\ioii'l\ The .ilgebr.uc sum of B'C pi\e' 
the amplitude of the oierall eur'c .it the point P When the number of unit rcspon-es i' at 
its maxiDium (or becomes con't.HOt per umt time) the number of first .ind second phises is 
equ.il. their simi is zero, and the o\erall ciir\e passes through the bise line (O) The point D 
represent* the time when the increase id number of responses per unit time is greatest, thit i-. 
when the excess of first ph.iscs o'er second phises is niaiMmal Bejond O the conditions are 
rex ersed 

In terms of frequency of indi'idud discharges, the frequenej increi-es to O, at an m- 
erea'iag rate to D and .it a dccre.i«ing rate from D to 0 Beyond 0 the frequenej decreases 
to B in reier-e order If the two phase* of the unit record .4.4’ are not equal the form of the 
O'enill curie !> ob'iouslj different but the Fime prmciples of summation applv 

Either fig 4S or 49. repeated j'enodicillj, might offer an explanation of the spontaneous 
alpha rfijlhai of the brain, in which numerous indiMilual respon-es mai occur m siicces'iie 
burst'. Howeier. according to the scheme of fig 4S the niaxim.i and nunimi of the oierill 
cur\e would represent the time* of greatest and least attiMtj. resi'cctiieb while .iccordinc 
to the scheme of fis 49 the uiaximi .ind minimi would represent times of greatest acceleni* 
lion unil deceleration of actiMtx. with maMOid and nutunial nctudii halfwai up and down 
between deflection.' The form of resiHmsc of the unit clement of the alplu process i' not jet 
known. 
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characteristic of such activity as that exhibited in the alpha rhythm of the 
brain. The form of the record may then become a better measure of the 
frequency of unit responses than of the form of the individual unit’s ac- 
tivity ; the largest amplitude will represent the summation of the greatest 
number of individual responses at a given instant, the lowest amplitude 
the summation of the least number. The latter may be by no means zero. 
This is only true, however, if the record of the responses of an individual 
element would have been monophasic. If the arrangements of recording 
are such that the record of an individual response should have been di- 
phasic with both phases equal, the amplitude of the summated record 
becomes a measure of the change in frequency of unit responses rather 
than a simple measure of their number per unit tune (fig. 49). The maxi- 
mum amplitude of the record then signalizes the period of greatest rncrease 
111 frequency, and when that frequency becomes constant the deflection 
returns to the base line, since all the phases of one sign then just compen- 
sate all the phases of the other. A decrease of frequency would then cause 
an overall summated deflection in the opposite direction, since now fewer 
first phases are being recorded than second phases at a given instant, the 
second phases at that instant being those which follow first phases that 
occurred earlier when the frequency was greater. 

Effect of Branching and Termination of Fibers 

The above cited cases refer only to a uniform nervous pathway, that is, 
to one in which the number of axons and the character of the response of 
each axon do not vary along the pathway from point to point. This is 
unusual in the CNS. Patliways branch; collaterals of the contained axons 
terminate along them; and arborizations occur in the vicinity of synapses; 
and neurons consist of cells and dendrites as well as axons. Theoretical ex- 
pectations and specific examples may be cited to illustrate how’ such factors 
influence the interpretation of records. 

If all the axons iii a pathway bifurcated in a given region, this would 
double the luimbor of active units procee<ling in one direction from that 
point With successive dichotomous division the number would be still 
further increased. If the branching is a prelude to synaptic termination, 
a further complication in recording is introduced. The effects of branching 
and of synaptic ending might indeed be of opposite polarity, depending 
upon unpredictable factors such as the position of the critical electrode 
within the synaptic layer. However, the distances for conduction are «o 
‘'hort that these effects might to all intents and purposes be siinulfarieous, 
that IS. occur in such cIo«e cuccc^ion that their recorrls would nearly 
siuninate or perhaps gi\e rise to a rapid diphasic deflection. 
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The central optic patlnvay of the cat. activated by brief electric shocks 
applied to the contralateral optic nerve, yields two anatomical situations 
in which the effect upon the fonn of the recorded potential of branching 
and termination of fibers between electrodes may be investigated. In the 
dorsal nucleus of the lateral geniculate body the larger optic tract fibers 
divide dichotomously and terminate within one or another of the cell layers 
of the dorsal nucleus (iMinkowski. 1920; OXeary, 1940). In the area 
striata the optic radiation fibers divide dichotomously in the stria of Gen- 
nari, terminating in the layer of star cells and star pyramids (Ramon y 
Cajal, 1923; Lorente do X6. 103Sa; O'Leary. 1941) which is coextensive 
with it. It is probable that each of these situations provides more compli- 
cations than can be visuahzetl by any available histological method, but 
the appearance of the records coincnlcs with certain of the theoretical e.\- 
pectations. In the case of the lateral geniculate body a diphasic plus-minus 
deflection is obtained when one recording electrode is placed along the 
course of the axons prior to their branching, or even in their vicinity, and 
a second beyond their terminations. The first electrode is negative to the 
second during the activity at the axon terminals. In the area striata 
(similar situations for the first and second electrodes) the first remains 
negative to tlie second even when the latter is placed m the region of the 
end-arborizations. 

One feature of the above situation that should be emphasized is that 
a record can be obtained of activity at a point beticccn the recording elec- 
trodes without having activity at either one of them This is very im- 
portant in considering the application of the data derived from records of 
activity in linear tracts to the cerebral cortex. Especially in the cortex 
where the major axis of orientation of neurons is vertical and many of 
these elements are of limited length, what happens between the electrodes 
may be as important as what happens in close proximity to them. A record 
of the activity between electrodes seems to be a function of the non-uni- 
formity of the path, and may be contrasted with the case of two recording 
electrodes placed along an extensive linear tract. 

When an impulse occupies a region beticccn two such electrodes along 
a linear path, differences of potential exist along the tract from tlie active 
point which is negative to regions in either direction that are positive. 
These two differences of potential being oppositely directed will tend to 
affect each electrode equally, and no record will be obtained until the im- 
pulse approaches one of the electrodes; that is. no overall difference of 
potential is set up across the active region, and the potential disturbance 
is symmetrical along the axes of the elements. On the other hand, when 
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a non-uniformity exists between the electrodes such that the activity on 
the two sides of the transition zone has a different effective value, the po- 
tential differences between the active impulse as it arrives at the transition 
point and the inactive regions to either side of it are no longer equal. The 
resultant overall differences of potential between two inactive regions on 
either side of the active point may be recorded as a simple inonophasic 
deflection, even though neither electrode is at the locus of activity. 

The amplitude of such a record is higher the nearer the electrodes are 
to the active region and the larger the number of parallel elements in- 
volved, or the larger the cross-sectional area of the tract that contains 
them. This situation is exemplified in the area striata of the cat, which for 
this purpose is considered as the broadened end of a tract (the optic radia- 
tion). A large region of the area striata can be activated synchronously, 
as after stimulation of the contralateral optic nerve, or in the activity in- 
volved in the alpha rhythm A large number of vertically oriented neuronal 
elements, each with a non-uniformity at a constant depth (the stria of 
Gennari), then acts like a polanzeil layer; and electrodes placed one above 
and one below this level record the differences of potential across it, prac- 
tically independently of their distances from the active level. This is of 
significance in considering the alpha waves of the human electroencephalo- 
grams, which are of low amplitude as comparc<l nith those obtained from 
the exposed brain, not primarily because of the thickness of tissue between 
active cortex and the electrodes, but because both electrodes are on the 
same side of the surface of activity and the skull can thus serve as an effec- 
tive shunt between them. 

Transition from Dendrite to Axon 

Beside the non-uniforniities in synaptic centers which are due to the 
branching and termination of presynaptic axons, the other unique situa- 
tion which affects the form of records of activity is the transition across the 
cell body from the dendrites to the origin of the axon. Does conduction of 
actwvty occur in dendrites and can it be detected if they arc of sufEcieut 
length‘s Do the electrical records of activity from the bodies and dendrites 
differ from those of the axon and can the differences which exist in the 
single cells be deduced from knon ledge of nhat occurs when layers of cells 
discharge simultaneously?* The answers to these and many other problems 
await the investigation of synaptic centers of varied configurations, a®- 

’Work m thi- dcxrloi'ina ficW «ill be found in tlie follo«mc pu'crs uhioli pprlnps 
loo rrcont ami too few to tlcnund the rrmotal of Iho-o fjue-tion m irk« Lorente de No. 1'13'), 
Iten-h itt 1912. Ilidiop and 1112, 0‘I>*tr\'and 1913 
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sessing the differences in the records of activity in terms of the differing 
morphological arrangements. Study of the synaptic activation of single 
large nerve cells such as the Mauthner cells in the medulla of fishes might 
provide the correct answers, but so far records in which the form of the 
potential can be studied have not been obtained from single cells. 

The nearest approach that we now have upon uhich to base deductions 
as to the happenings in single cells during activity is the interpretation of 
records obtained from layers of cells simultaneously activated through 
their synaptic connections. The dorsal nucleus of the lateral geniculate 
body in the cat (O’Leary, 1940; Bishop and O’Leary. 1942) is a favorable 
situation for such deductions because the cell bodies are densely aggregated 
into layers and separated by relatively little neuropil. The middle of the 
nucleus forms approximately a plane structure consisting of three layers 
of cells; the presynaptic axons enter one surface of the plane (caudal and 
ventral) and the postsynaptie axons leave by the other (rostral and dor- 
sal). There are no interneurons to complicate the discharge of the post- 
synaptic elements when they arc fired by brief stimuli to the optic nerve. 
Another favorable anatomical situation facilitates the location of the exact 
level at which cliangcs in the records arc obtained as a critical electrode 
is gradually moved through the plane from the optic radiation to the optic 
tract. The cell layer which adjoins the optic radiation is activated from the 
contralateral eye. the intermediate cell layer from the homolateral e5*e. 
When stimuli are delivered periodically to the two optic nerves as the 
critical electrode moves deeper through the nucleus, changes appear m the 
form of the records which are attributable to the stimulation of one or the 
other optic nerve, recorded from different levels with respect to the layers 
of cells activated by each nerve 

The following conjidenUions are bi^e«i Inc pottsvnuptic deflection, and reier-al 

on experitnents m which referenci dec- from positne to negilne takes place as the 

trodes are placed anteriorly m the c.mdair cnlical electrode enters the cell la\er< The 

nucleu', medially at the mitllinc of the retersal takes place somewhat deeper (bj 

thalamU', and caudillj in the media! genic- the thickness of one cell lajer) when the 

iilate nucleus All of flie-c points c.m be homo- instead of the contralateral optic 

demonstrated to be i?opotential in the dec- ner\e is stimulated Th® rei cr«.al from posi- 

trieal field about the actnated dorsal nu- tnc to aegatne during a sequence of 

cleu«. The cnlical electrode i« so dirr^cd records may be taken to mean that there 

that it passes from the optic radnlion ja a strongly negative region in the iicinitj 

rostral and dorsal to the middle region of of the cell bodies and dendrites and a 

the dorsal nudeus, through the cdl la\cr« positnc region in the \icmify of the actiie 

and into the optic tract perpendiaihr to optic radiation ari-ing from the«e celU So 

the radiation surface of the plane A« it the paradox deidops that the cells are 

p.a«ses through the optic radiation the cnii- negatnc to their axons, eien as the latter 

cnl electrode record* a po-itne po'tsxTiaptic arc conducting “negatiie” impiil-csl This 

spike against any one of the rejerence elec- interjiretalion become* more clear if the 

trodes Caiidd and icntral to the dor-.il pime containing the cell bodies i- it-ual- 

nudeus the -.inie electrode record- a negn- ized a- a membrane so polanzed diinng it* 
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lespoQ^e that its rostral and dorsal (radia- 
tion) surface is positne to its caudal and 
\entral (optic tract) surface, and the po- 
tentials recorded at a distance from it arc 
chiefly tho«e of the field set up about it 
The potential field is so strong as to mask 
the specific but neakor potentials of the 


tifcsucsrMth v.!ucU the entveal electrovlc ni.i> 
bo in immediate contact The polarizition 
of the sheet of cells may be attributed to 
a longitudinal difference of potential along 
the a\is of each element contained therein 
with leUtiic negatuity au lyfrom the ladi- 
ation, rehtiie positnitj toward it 


Therefore, the geniculate synaptic region seems to contain three struc- 
tures in addition to pre- and postsynaptic linear axon tracts which con- 
tribute to an electrical record from electrodes placed in the region: the 
end-arborizations of prcsynaptic axons, the arborizations of postsyjiaptic 
dendrites, and the junctures between dendrites and postsynaptic axons 
through *the cell bodies. From electrodes placed in the vicinity but not 
necessarily in contact with active tissue both pre- and postsynaptic activi- 
ties are recorded on one aspect of the synaptic layer as positive waves, on 
the opposite aspect as negative waves. These deflections are of sufficient 
intensity to mask or obscure the record of activity of the axons leading to 
and from the synaptic region. Disregarding the detailed interpretation of 
form and polarity ultimately demanded, the point to be made here is that 
the record obtained from a synaptic region is predominantly not that 
assignable to nerve axons as found in peripheral trunks Records from the 
cortex may be expected to be even less assignable to axons as such, and the 
interpretation of cortical potentials may require an intricate consideration 
of distributions of potential about specific typos of synaptic structures. 
Short of this the correlation between potential record and cortical architec- 
ture must remain a rough correlation only, and not a thorough explanation 
of the relation between structure and fuuctiomug 


Interpretation of Cortical Potentials 

There are two common motives m the investigation of cortical architec- 
ture One, the detection of cyto- and myeloarchitectonic fields whieli ap- 
pear to have structural significance provides a histotopographical parcol- 
lation that has played a prominent role in stimulation and ablation studies 
of cortical function. However, the details of electrical recording from the 
cortex have not yet been perfected to the point wlierc the XissI motiiod is 
generally useful in demonstrating the field boundaries of areas of specific 
response To be sure Kornmiiller (1935) has described records of spontane- 
ous activity which differ for different cytoarchitectonic fields, and OT.eary 
and Bishop (193S) have found that the limits of the visual cortex of the 
rabbit, as <letermined by mapping the responses to stimulation of t!ic con- 
tralateral optic nerve, arc practically coextensive with flic cytoarchitee- 
tomc limits of the rabbit’s visual cortex as ileterimned by (lU.'U). 

Bremer and Dow (193'J) mapped the cortical response to auditor}- stimuli 
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and found that the area concerned corresponded to a cytoarchitectonic 
area of uniform structure, trhich included the upper part of the sylvian 
gyrus, the posterior part of the anterior ectosylvian. and the middle ecto- 
sylvian gyrvis. Bishop and O'Leary (unpublished observations) also fountl 
that when the visual cortex of the cat is mapped by responses to induced 
activity, it contains besides the area stnata a significant overlap into an 
adjoining area of diverse cytoarchitectonic pattern. Likewise the records 
of optically induced activity that are obtained from the functionally homol- 
ogous fields of rabbit and cat do not differ significantly m form of response, 
although the cat’s visual cortex is much more highly differentiated In the 
same animal (eat) records of inducetl activity from visual and sensori- 
motor fields (Heinbecker and Bartley. 1940) do not differ significantly in 
the form of the response. \Vc may conclude, therefore, that the records of 
induced activity so far obtained do not exhibit obvious correlates with the 
usual anatomical criteria used to distinguish cytoarchitectonic fields, at 
least insofar as the form of the record is concerned. 

The other motive actuating architectonic investigation has directed 
efforts toward reducing the complex structural relationships of large areas 
of cortex to a basic plan. Loreute de X6 (193Sa) has long championed 
such a basic arrangement for the sensory cortex, and has implied that the 
path to enlightenment is the study of modifications of this basic plan 
which characterize the different cortical fields from mouse to man If the 
electrophysiologist nere able to construct the ideal cortex for testing the 
principles of electrical recording heretofore detailed, it would be even 
simpler than the basic plan developed by Lorente de X6 and would con- 
sist entirely of vertically elongated elements, each extending from the sur- 
face of the cortex to the basal white matter, and a means of activating 
them synchronously. 

The pjTamidal cells, or principal cortical neurons, are m fact such 
vertically elongated elements, the apical dendritic shafts arising from the 
cell bodies and extending to the surface layer and the axons proceeding to 
the basal white matter. The different depths in the cortex which the bodies 
of the pyramidal cells occupy varies the situations of the critical cell-axou 
junctures and diminishes or increases the lengths of the apical shafts. When 
we depart from such abstract concepts, innumerable differences other than 
size (compare granular pjTamidal cells of layer IV with the giant Betz 
cells, layer V) lend individual character to the pjTamidal cells whose bodies 
occupy different cortical depths and equivalent depths in different fields. 
The basal dendrites may be few or numerous and vary in degree of branch- 
ing and m the direction in which they extend from the body. The large 
superficial pyramidal cells which occur at the border between layers III and 
IV in the human area parastnata liai'e basal dendrites which drop verti- 
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callj’ through layer H’. The solitarj' ilejTiert pyramidal cells of layer V of 
the area striata have basal dendrites which are oriented horizontally. 
Within the same c 3 ’toarchitectonic field the basal dendrites inaj’ be directed 
horizontallj’ in one situation (Mejniert pjTamidal cells, interheinispheric 
area striata, cat) or follow an obliquely descending course in another (the 
same cells, apex of the lateral gjTus). The latter variation in distribution 
of basal dendrites may be explained as due to differences in developmental 
dynamics related to the convolutional markings of the brain. Other varia- 
tions. such as the loss of the apical shafts of star cells (layer IV, area 
striata), appear to have a deep underlying functional significance. 

When the indi\idual characteristics of all the pjTamidal cells occupy- 
ing different depths of the cortex in each field are summed together they 
lend to that field characteristic traits which are readily varifiable from 
preparation to preparation. These changing manifestations from field to 
field in the protoplasmic plexuses (cell bodies and basal dendrites) which 
occupy different depths of the cortex distinguish the results obtained by 
the Golgi method as applied to the study of cortical architecture. 

To the interpreter of records of cortical activity the fact that the ver- 
tically descending axons of the pjTamidal cells issue extensive intracortical 
arborizations is of utmost importance. Tedious investigation of fairlj’ com- 
pletely impregnated arborizations of single pyramidal axons shows that 
ascending collaterals which leave the shaft near the cell body niaj' ascend 
obliquely to the plexiform layer This has been repeatedly verified for all 
cells except those of layer "iT. The axonal shafts of these cells commence so 
far from the surface that negative findings are insignificant. Horizontal col- 
laterals contribute to the axonal plexuses of (he subjacent levels. It is ex- 
ceptionally difficult to demonstrate (he synaptic terminals of the horizontal 
and ascending collaterals of the pj-ramidal cell axons. Lorente de X6 ( 1033) 
has stated that there are two (j'pes of synapses in the cortex (collateral 
synapse-*, boutons dc passage; terminal synapses, boutons (ertm’nnux). If 
these could be thoroughl}' investigateil and sj'ctematized for the collaterals 
of the pj-ramidal cell axons, an important contribution to the study ol 
cortical architecture would result. Xumerous special variations in (ho dis- 
tribution of the collaterals of pyramidal cell axons ma,v bo encountered 
Study of many preparations may reveal that the particular p 3 Taini(lal 
cell that characterizes one or another cortical level ma 3 ' fail to issue hori- 
zontal collaterals to one or another of the subjacent levels The axons of 
certain p 3 Tainidal cells al«o have dexelopetl the ascending collateral® at the 
expense of the axonal shaft, so that the shaft may be reeluced to a tenuou® 
filament or bo entirely absent {p 3 'ramidal cells with arciform axon®, area 
striata). 
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The other significant system of intracortical a\onal arborizations arises 
from the short axon cells which are distributee! throughout the cortex. 
Differences in shape of body, arrangements of dendrites, and habitation in 
the protoplasmic plexuses of one or another cortical level distinguish short 
axon cells whose axons also present special characters of ramification. 
Broadly speaking, short axon cells may be divided into two types, based 
upon the extent of the axonal ramifications. The local!// arborizing types 
form closely meshed tangles of branches about the bodies of neighboring 
cells. The arborizations of extensively arborizing short axons may pervade 
several levels of the cortex The most superficially situated short axon 
cells give axonal ramifications that extend downwards and horizontally. 
Those situated at an intermediate depth have arborizations that branch 
upwards, downwards, and horizontal!}'. The deepest of these cells have 
ascending arborizations, and the writer includes in this categor}’ the 
cells with ascending axons described by previous investigators. Several 
typical short axon cells which occur in the visual cortex of the rabbit are 
illustrated in fig. 50. The arborizations of specific short axon cells which 
occur in special cortical fields distinguish the axonal plexuses found at 
different depths of the cortex. The other distinguishing feature of these 
plexuses is the orientation and density of distribution of the collaterals 
of the pjTamidal cell axons. 

Even a theoretically simple cortex must have a mode of activation. 
The activators enter the cortex through the basal white matter as pro- 
jection, commissural, and association axons. Of these only the distribution 
of thalamocortical afferents is well known, and that knowledge is princi- 
pally confined to the sensory cortical fields (Ramon y Cajal. 1911; 
Lorente de X6. 1922 and 193Sa). The gemculo-calcanne axons may be 
considered as an example. These enter the striate cortex obliquely and 
arborize at an intermediate depth which is coe.xtensive with the layer con- 
taining star cells a/wl star pyramnh The writer has obser^-ed as many 
as fourteen orders of branching m the terminal distribution of a single 
well-impregnated axon. Callosal and commissural afferents probably have 
a more widespread vertical distnbution. Their mode of arborization is well 
illustrated by Lorente de X6 (1938). 

The way in which the elements of any cortex (pyramidal and short 
axon neurons and the arborizing axons of the afferent plexus) are inter- 
related to establish cortical circuits of activity is conjectural, and a topic 
to be treated with utmost conseiwatism until further facts are established. 
It would appear that the fundamental circuits are vertically disposed 
(Lorente de X6. 193Sa) and (for the sensory cortical fields) have their 
nodal points in the granular layer where the entering afferents articulate 
with the bodies and dendrites of the first cortical neuron<!. Tlie extent to 
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which lesser circuits mingle with the basic ones and the combinations that 
are necessary to secure the synchronous aetmty of various combinations of 
pyramidal neurons in different cortical layers are entirely unknown. 
Lorente de No (1933) has provided excellent illustrations of the probable 
complexity of the synaptic connections of single cortical pyramidal cells 
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The limits of the precentral cortex have been clearly established by 
Bonin in Chapter II. He has pointed out that the boundaries coincide 
closely ^^ith von Economo and Koskinas’ regio praerolandica, and this is 
supported by Walkers (193Sa and b) investigations upon thalamocortical 
connections (see also Chapter IV) and by the results of physiological 
neuronography as developed by Dusserde Barennc and McCulloch (Chap- 
ter YIII). Since the data relevant to this chapter have been acquired al- 
most exclusively from the study of loner mammals, mention will be 
restricted to the significant problems of the primate precentral cortex 
which have a bearing upon correlations between electrical records and 
architectonics. 

The agranulanty of the precentral cortex has received significant men- 
tion in all related c 3 ’toarchilectomc studies. If accepted interpretations 
based upon knowledge of the sensorj' cortical fields were directly trans- 
ferred to the precentral cortex, the paucity' of granules in the latter might 
lead to the inference that an axonal plexus composerl of arborizing thalamic 
afferents is absent. However. Ramon y Cajal (1911) gives a stratification 
of the precentral cortex which is not unlike that used by the modern 
school of investigators, and illustrates (fig. 400) a rich arborization of 
corticipetal fibers m a horizontal stratum corresponding roughly to the 
layer of medium-sized superficial pyramids. That this zone is not far 
beneath the surface of the cortex is evident from his figure 408, which is 
on illustration of the same arborizing afferents in the motor cortex of the 
cat. If the plexus thus foi rued represents the termini of the thalamocortical 
radiation from the lateroxentral thalamic nucleus (Walker, 193Sa). we 
have m the precentral cortex a unique case of thalamic afferents termi- 
nating elsewhere than in the granular laj'er (H’). The other alternative, 
that this dense plexus is formerl by arborizing commissural or association 
axons, is not a likel>’ one. 

Although specific attempts to relate the architectonics of the precentral 
cortex of the pinnate to the form of electrical recorils of induced activity 
have not been made, this cortex approaches the ideal one for the solution 
of related pioblems The feasibility of such studies is evident from the 
success of Monson and Dempsey (1942) in recording localized responses 
from the cortex of the cat following stimulation in the thalamus. The 
probable direct articulation of the arborizing axons with cortical neurons 
of the classical pyramidal type (layer of medium-sized superficial pyra- 
iiiiils) would appear to establish these cells as the nodal points of the basic 
activity circuits. The absence of a dense laj^er of cells of granule dimen- 
sions and the occurrence of the extraordinarily large cells of Betz are other 
characteristics of outstanding value. However, as a prelude to such an 
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Fic. 51 — Freehand ‘•Vetih from a Golgi Cot pitparaUon of the precentral cortex (area 
4 Brodmann) of .Wncocu« rhrfuf AH PTtraneoiH imprrpnation, such as of the walls of blood 
^e■'>ols, ha- been ilimin3te<l Aren drawn ritiiited in the ro-tral wall of the ccntrul sulcus 
Three Riant celU of Bets are -howu 
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investigation it will be necessar>' to make a systematic survey of the dis- 
tributions of short axon arborizations and collaterals of pyramidal cell 
axons. The reader is referred to fig. 51 which is a freehand sketch of a small 
area of the macaque motor cortex made from a Golgi Cox preparation. . . 

In summary of the essential anatomical characters of the cortex from 
the viewpoint of interpreting electrical records are: tl) The vertically 
oriented elements, which extend from the surface ’to the basal white 
matter, each consist of a pyramidal coll body, au ascending dendritic shaft, 
and a descending axon, Unique appearances of the pyramidal cells belong- 
ing to different cortical levels and to equivalent levels m different areas 
impart distinguishing features to the protoplasmic plexuses of the different 
cortical fields. (2) The chief intraeortical connections are established 
through the collateral arborizations of the axons of pyramidal cells and 
the variety of short axon arborizations which occur at different levels of 
the cortex. (3) In the sensory' cortical fields the cortex is primarily acti- 
vated through entering afferents which arborize at a level of the cortex 
corresponding to the granule layer (IV); in the precentral cortex the 
apparently but not necessarily equivalent afferent plexus arborizes at a 
more superficial level, probably articulating directly with superficial pyra- 
mids of medium size. (4) The activation of the whole cortex would appear 
to proceed through mtracortical circuits arising from cells situated within 
the confines of the plexus of arborizing afferents. Tlic arrangement of all 
contained elements is such that adequate records of cortical activity can 
only be expected from an intact cortex containing all of the various verti- 
cally disposed elements. 

Interpretation of Records of Conical Activity 

The integers for the interpretation of records of cortical activity are 
the ways in which neurons are grouped, summed, and recorded. The first 
two ace not coutrollable, nor ace they basically understood. By experi- 
mental variations in the positions of the recording electrodes most of 
the information acquired concerning the relations of cortical potentials 
to architectonics has been obtained. Thus far these acquisitions of knowl- 
edge apply only to the simplest relationships, but even these are of the 
utmost importance, since they direct attention to the course that future 
investigations must take. 

“Spontaneous” fluctuations of different frequencies (the alpha and 
other rhythms) are the most universally studied patterns of cortical ac- 
tivity. The fluctuations recorded as “spontaneous” activity may in one 
case represent the mutual facilitation of parallel elements and in another 
completely random activity. It has been suggested previously (p. 93) 
that the theoretical limit of the latter is a smooth base line that indicates 
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Fia 52 — Analytical development of the electroencephalogram 

A Splanchnic nerve of the bullfrog stimulated bj a single shock The first \\a\e is n 
record of the responee of the /a«ter sensory fibers The following irregular elevation is that of 
groups of fine non-m>elmatcd fibers The separation of the wuNes » due to difTeronees of 
conduction rate between different groii|>s of fibers 

B Response of the optic cortex of the cal following a single shock to the optic nenr 
The first waie H the record of radiation axons, the second of the fir^t cortical neuron, etc 
In contrast to A, the separation of na\es is due to time occupied in the pasi-ige of the iin* 
piil'es across synap'es The first interial between the shock artifact and the radiation waie. 
includes conduction time in the tract, sjnipsc time across the lateral geniculate nucleus anil 
conduction time in the optic radiation between the lateral Rcniculale nuclein and the corti"^ 
a total of about two one-thou-simllhs of a second 

C A record of the response of cat optic radiation fibers alone, recorded below the cortex 
The duration of the wa\e is about one-thousandth second, comparable to the first spike of 
A, which is on a shorter tunc line than C 

D Cortical re»pon»o as id B, but on «loHer time line Tlie w hole record of B is conden-a <1 
into the first upward deflection marked x, the following downward deflection h off the roconl 
in B Each minor jiggle in f), i> artmllj of the duration of the wue in C, or of each siir- 

A Record similar to D, but slower time and amplifier of D-cilloerapliic recorder diiii;i<cl 
down so that it doe>- not follow the fa«t minor ilcflection in D Following the fi^^t r<«|-on-< 
complex, X, IS an alpha w iie, y, refilling from the stimulus The intcrial between X and y 
about onr^ixth second 

F Spontaneous alpha and beta waxes <^at, amplifier still more damjxd than in 

Cl Slill fiiTthw diinpine and time line futlhei slowed, nJphii waxes jionuiient, beta 
waxes nearb eliininaled The three xertical deflections arc 12 vrronils apirt The rieord as 
presented is comparable to that recorded on an ink-writing » ne< plialograph The actiiil 
respoD'O of the cortex inxoived, howexer, such det-xils a« are more apparent in the pruioiis 
record' 
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no activity at all. The system of recording is another important factor in 
the interpretation of “spontaneous” records, since only with inertialess 
systems are all the complications of the records preserved. When these 
complications are removed from the records, as in tracings from slow ink- 
writing devices, attempts to assign relationships between activity and 
architectonics are rendered impossible. Figure 52 traces the analytical de- 
velopment of the electroencephalogram from the simple record of periph- 
eral nerve responses to the conventional record of cortical activity. From 
examination of this figure it is apparent how much of the detail of the 
cortical response is missing from records of “spontaneous" activity. 

Another factor which entails consideration in interpreting “spontane- 
ous” potentials led from the cerebral cortex is that the frequency of recur- 
rence of characteristic fluctuations is not determined wholly within the 
cortex. For example, if the optic radiation is cut, the alpha rhythm (5-6 per 
second) recorded from the optic cortex of the rabbit under light Dial anes- 
thesia IS replaced by slow waves having a frequency of less than one per 
second. Other evidence indicates that activity over callosal axons similarly 
modifies the frequency of cortical waves. 

Cortical potentials induced by stimulation of peripheral nerves have 
decided advantages in studying the manifestations of cortical activity 
These were mentioned when the responses of the lateral geniculate nucleus 
were discussed and are further emphasized by reference to fig. 52. The 
e.xperience of the author with this line of investigation has been confined to 
the visual cortex activated through the contralateral optic nerve The re- 
cording electrodes may be so arranged as to subtend the entire thickness of 
the cortex or any reasonable fraction thereof. Consequently, in the same 
experiment it is possible to stmly the individual records of this response 
as obtained from electrodes w'hich subtend different horizontal levels of the 
cortex, comparing them with similar records of the “spontaneous" alpha 
rhythm. The results of such comparisons provide the basis for conjecture 
as to the elements m the cortex responsible for “spontaneous” and induced 
activity. 

As recorded from paired needle electrodes placed one at the surface and 
one at the base of the visual cortex, the response to stimulation of the optic 
nerve consists of three scries of events. The first is a swift succession of 
short waves having the dimensions of axon spikes. By comparison of corti- 
cal records with those obtained from the optic radiation and lateral genicu- 
late nucleus, it is evident that the first of these signalizes the response of 
the axons of the optic radiation. The second spike is confined to the cortex 
and presumably represents the spread of the impulse to the first cortical 
neurons, which by inference from anatomical data should bo situated in 
the granule layer (IV). The thirtl spike of tliis series bears a definite time 
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relation to a spike which occurs in records of the superior colliculus (Bishop 
and O’Leary, 1938), and \\ e have inferred that it is representative of corti- 
cifugal axons discharging to that nucleus. 

The second series of events consists of a mono-, di-, or triphasic va\e. 
each of the first two phases being 5 to 10 ilsec. in duration. The first phase 
of this series is surface positive and rises from the base line with the second 
spike of the preceding senes. It does not represent the responses of the 
same elements as occasion the second phase, for under certain conditions 
of recording, the second, or surface negative phase, may drop out com- 
pletely leaving the first unaffected. Furthermore, strychninization of the 
cortical surface, which may slightly increase the amplitude of the first 
phase, greatly e.xaggerates the second one and may delay its occurrence 
until an appreciable interval after the termination of the first. The third, 
or surface positive, phase of this senes is inconstant in occurrence, exag- 
gerated by strychninization as is the second, and may be occasioned by the 
discharge of the same elements as are responsible for the second phase. 

The third series of naves are still slower and Iiave the dimensions of 
"spontaneous” alpha waves. While a train of two or more of them fre- 
quently follows the stimulus in the rabbit, they are not constantly observed 
in experiments upon the cat. Their occurrence in that animal depends upon 
the depth of anesthesia and possibly upon other unknown factors. For 
example, it has not been determined whether they will occur m response to 
electrical stimulation of the optic radiation when that tract is severed from 
Its connection with the lateral geniculate nucleus. This third series of in- 
duced potentials, apparently simply an alpha rhythm started by the stim- 
ulus. certainly occupies different elements in the cortex than the specific 
response to afferent stimulation which precedes it. Further differential 
procedures indicate that there exist two distinguishable but overlying 
systems of neurons in the cortex generally, although these two systems 
are complexly interconnected. They have not been ilifferentiated histologi- 
cally. It IS not known to what extent the afferent-response or projection 
system is represented m tVie usual electToeucepVialogram. but it must 
certainly bo activated in epileptiform convulsions, as it is in tho«e induced 
by strj'chnine. 

When different fractions of the cortical thickness are recorded and com- 
pared, the most significant fact determined is that the first complex t con- 
sisting of surface positive short spikes and the first surface positive p!ia«o 
of the second senes) is rccortled pretlominaiitly from the upper three 
layers of the cortex (Bishop, unpublished observations). It will be recalled 
that the surface positive phase rises from the base line coincident with the 
apjioarance of the eecoiul brief spike of the first series, which %\e believe 
signalizes the activation of the first cortical neuron. If this surface positive 
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phase consisted of innumerable summed axon responses it might be pro- 
duced in the dense axonal plexus of non-myelinated axons that occupies 
the interstices betueen the bodies of the superficial pyramids. A more in- 
teresting but less conventional speculation is based upon the demonstra- 
tion that in the lateral geniculate nucleus, during activity the cell .body is 
predominantly negative as comparerl even with its active axon (p. 9S). 
Since all of the critical cell-axon junctures of superficial p>Tamidal cells 
occur within that laj'er. and below this these cells are represented only by 
their axonal shafts and collateral arborizations, such a surface positive 
phase might result from predominant activitj- in cells and dendrites as 
compared with axons Thus, though a definite relation is demonstrable 
between the first phase of the second series and the layer of superficial 
pyramidal cells, the choice between alternative explanations must await 
more thorough investigation. 

Curtis (1940) applied single electrical shocks to the cortex of one 
hemisphere in cats and monkeys and recorded the evoked potentials from 
the other. The waves were diphasic and were largest when stimulating and 
recording electrodes were pl.aced on symmetrically situated points in the 
two hemispiieres. The responses were abolislied after section of the corpus 
callosum. Each consisted of an initial surface positive component lasting 
15 Msec, and a following surface negative one lasting about 75 Msec Con- 
vulsant drugs slightly increased the surface positive component, and 
greatly increased the surface negative one By subtending various cortical 
depths with microelectrodes. Curtis obtained results suggesting that as- 
cending (callosal) axons give rise to the surface positive component, de- 
scending internuncial fibers passing to the deeper layers give rise to the 
surface negative component. The similarity of his results to those reported 
above is of particular interest in pointing out that the general form of 
the cortical record of induced activity may be the same, even though the 
cortex is activated through its thalamic affereiits in one case, and its cal- 
losal afferents in another. 

Study of the “spontaneous" alpha waves by electrodes which fraction- 
ate the cortex into horizontal levels yields results different from those ob- 
tauied through the study of induced activity. The total amplitude of the 
alpha waves is obtained when one electrode is situated at the surface and 
another at or near the basal white matter. Any fraction of the total cortical 
thickness yields a proportionate fraction of the amplitude of the total re- 
sponse. This suggests either that cellular elements which give rise to the 
alpha waxes are situated deep in the cortex and have apical shafts that ex- 
tend to the surface or that they are exenly distributed throughout (pj'ram- 
idal cells with bodies situated in all layers). The alternatixe to this 
explanation, based upon the level of occurrence of the critical cell-axon 



110 The Precentral Motor Cortex 

junctures, is that the alpha waves represent summed axon responses arising 
from the plexuses of axons that lie in the interstices between the cell 
bodies When speculation is left entirely aside, it is evident that the alpha 
mechanism is a property of the whole cortical thickness and not of a frac- 
tion thereof Adrian and Moruzzi (1939) appear to hold a similar view, 
that elements of both superficial and deep layers are responsible for waves 
of alpha frequency that they recorded from the motor cortex of the cat 

Reiishaw, Forbes, and Morison (1940) have applied the technique of 
recording with microelectrodes to the study of the activity of the hip- 
pocampus and lateral gyrus (cat). The technique of recording single units 
from closely spaced microelectrodes is the converse of the one emphasized 
in this chapter, nhich is concerned with attempts to deduce the activity 
of single units from records of tissue masses. The recording of single units 
offers unlimited possibilities, particularly if it is used m situations nhere 
nerve cells are uniquely apart in their environment, as the Betz cells 
of the motor cortex are by their size Just as cytoarchitcctonic parcellation 
and cortical records of induced activity are analogous in that they deal 
with oreas rather than with single cells, so the perfection of single unit 
recording may provide the electrophysiologist with a "Golgi” method. 

The accumulation of data and speculation thereupon can continue, 
though direct proof is wanting concerning what constitutes the circuits of 
activity. The latter problem is the anatomical equivalent of the functional 
puzzle as to how grouping and summation occurs in cortical neurons. To- 
gether the anatomical and functional unknowns are a part of the much 
larger problem of how interchange between the essential elements of 
different circuits brings about the kaleidoscopic shifts in pattern that must 
form the basis of mental activity. 

Summary 

In the first sections of this chapter the simplest electrical records ob- 
tainable from the CXS, those from linear tracts, are analyrecl by reference 
to the conditions that determine the iorra o! the action potentia’l in iso- 
lated peripheral nerves The obsen’ations illuminate the pitfalls that may 
trap those who attempt to relate cytoarchitccture to electrical activity 
Series of records obtained from a critical electrorle thrust through tlic coll 
layers of the lateral geniculate nucleus (recorded against one of .several 
reference electrodes) are used to demonstrate how the records from simple 
linear tracts may be applied to the investigation of synaptic centers having 
a relatively well-known anatomical structure Finally the os«ontial ana- 
tomical fact's about the cerebral cortex which ma}’ lie significant m the 
interpretation of electrical records arc pre«icnlo<l, to sliow how correlate'. 
betwoGU anatomical and functional data can lie obtained. 
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AFFERENT CONNECTIONS 

T he fibers entering the precentral motor cortex originate pre- 
dominantly from adjacent areas of cerebral cortex or from the 
thalamus. Exact data on these fiber pathways are not well known, 
due to the inadequacies of the experimental methods used in research on 
nerve tracts. It is perhaps advisable to discuss some of these techniques, 
their limitations and fallacies. Excluding gross neuroanatomy, three main 
methods have been used to study the afferent connections of the cerebral 
cortex; the Marchi, retrograde cell degeneration, and strychninization 
methods. As might be expected, these three techniques do not give similar 
results. 

Marchi Method — Introtluced by Marchi in 18S5. this capricious tech- 
nique has been the most widely used method in tracing nervous pathways. 
It depends upon the fact that products of degeneration of myelin sheaths 
can be stained specifically after mordanting with a chromic salt The 
method does not demonstrate unmyelinated fibers, and frequently, finely 
myelinated fibers cannot be detected. The method has the disadvantage of 
being so sensitive that it must be carrieil out witli the greatest care to 
avoid false degeneration (“pseudo-Marchi")- This is evidenced by the fact 
that almost every investigator has some special tnck which he uses to avoid 
the undesirable precipitation. But even with special precautions there is 
usually a certain amount of “stippling" in the heavily myelinated tracts; 
for this reason caution must be exercised in interpreting what is seen in 
these preparations (C and 0. \'ogt. 1902). 

Nissl Method — In 1892 XissI demonstrated that certain changes oc- 
curred within the neuron when Us axon was cut. Such retrograde cell 
changes have been extensively used m the study of the thalamocortical 
connections. Because most of the thalamic cells whose axons are damaged 
by a cortical lesion quickly degenerate and are replaced by gha, this 
method is quite satisfactory. However, if only a small percentage of cells 
are degeneratetl. especially if the lesion is old, it is difficult to detect the 
decrease in neurons and the mild gliosis. Hence the method cannot be con- 
sidered very sensitive. Moreover, when applied to neurons other than the 
thalamus further difficulties are encountered, for all damaged neurons do 
not undergo retrograde cell changes at the same time, and some apparently 
show little alteration from normal (Walker, 193Sa). 

Strychninization Method — This method, developed by Dusser de Ba- 
renne and his associates, has been used extensively to study the connections 
within the brain (see Chapter VHI). By its use. the projection of a system 
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of fibers and their polarity can be determined within a few minutes. The 
obvious objection to the method, that little is known of its mechanism, 
becomes less important as more and more data are accumulated Like the 
Marchi technique, its extreme sensitivity gives maximal results. 

Cortical Afferent Connections 

A more detailed description of the mtercortical connections is presented 
by McCulloch (Chapter VIII), so that only those observations demon- 
strated by the Marchi technique will be discussed here. The entire investi- 
gation has been made on the macaque monkey, there being no pertinent 
data on the chimpanzee or man. 

Area 4 — The motor area has been found to receive an extensive af- 
ferent cortical radiation both from the same and opposite cerebral hemi- 
sphere. Mettler (1935a, b, c; 1935-1936) states that fibers enter it from 
areas 1, 2, 3, 5, 7, 8, 9, 10, 17, 21, 22, and even from other parts of area 4. 
There is no evidence from Mettler’s studies that these intercortical con- 
nections respect the functional somatotopic boundaries. Thus the face, arm, 
and leg divisions of area 4 are interconnected, and the postcentral cortex 
of one subdivision sends fibers to all three subdivisions of the precentral 
gyrus. Mettler's claim that area 17 sends fibers to the motor area has not 
iccewed confirmation from a number of investigators (Biemond, 1930; 
Le Gros Clark, 1941), nor have I been able to confirm it. Biemond (1930) 
does describe fibers passing from the upper part of the parietal lobe to the 
inferior part of the precentral gyrus 

Area 6 — Mettler (1935a, b, c; 1935-1936) found fibers entering the 
upper part of area 6 from the adjacent areas and from distant zones Areas 
1, 2, 3, 5, 17, 21, and 22 all sent fibers to area G, “U” fibers can be seen in 
myelin stained sections to enter area 6 from area 4. Area 44 (area Cb) 
according to ^lettlcr (1935a, b, c; 1935-1936) receives fibers from areas 
10 and 22. 

Other Cortical Fields — Little can be said about the cortical connec- 
tions to the other cytoarchitcctural areas of the precentral motor cortex. 
In many cases these areas are small, and their boundaries indistinct, so 
that in iNIarchi preparations in uhich cytoarchitcctural structure is poorly 
shown these areas cannot be recognized 

A carefully planned anatomical study of the intercortical connections, 
with particular reference to cytoarchitcctural fields, is greatly needed to 
clarify many points. 

Cortex of the Opposite Hemisphere — ilettlcr (1930) found that if a 
point .1 is associated with a number of other poinl‘= in the same licmi- 
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sphere, then it has callosal connections to homologous points including A' 
on the opposite hemisphere. This principle has been confirmed at least in 
part by Curtis ( 1940) using evoked potentials. He found that a single elec- 
trical shock applied to the pial surface of one hemisphere will usually 
evoke a potential at one or more points in the opposite hemisphere. The 
most readily detected potentials occur at the symmetricall}’ situated point 
on the opposite hemisphere. Thus all points of the precentral motor corte.x 
presumably receive afferent fibers through the corpus callosum from sym- 
metrically situated cortical areas Other connections through the corpus 
callosum from areas 1. 4. 5. (i. ami 7 to the precentral motor cortex ^\ere 
demonstrated by this method. 

Thalamic Projection 

Before considering the projection to the individual cytoarchitectural 
areas of the cerebral cortex it may be well to discuss some general prin- 
ciples of thalamic projection It has been conclusively shown in the ma- 
caque monkey that the anterior half of the lateral nuclear mass projects 
to the motor and premotor cortex. This portion of the thalamus has been 
termed the nucleus voutrahs lateralis (Walker. 1937) Histologically it 
has a fairly uniform structure, although it is possible to subdivide it on a 
morphological basis into smaller units (sec \'ogt s. 1909. and Grunthal's. 
1934, divisions) There appears to be no physiological rationale at the 
present time for such a further classification: m fact, finer divisions are 
only confusing. 

Polyak (1932) has emphasized the fact that the thalamic radiation 
appears to be m fans oriented anteroposteriorlj’. The anterior fan projects 
to the precentral subsector or the motor and premotor cortex, the interme- 
diate fan to the cortex along the central sulcus and the posterior fan to the 
parietal lobe. That such an arrangement holds for man has not been clearly 
demonstrated. Wenderouicz ( 1915) has shown a projection from the thala- 
mus to the precentral convolution in man using the Marchi technique, but 
the projection in this case did not extend farther than the precentral sulcus. 
Whether this was due to the locus of the lesion, which does not seem likely, 
to the caprices of the Marchi technique, or to the fact that the fibers pass- 
ing through the more anterior portion of the internal capsule are finely 
myelinated, cannot be definitely stated. In Probst’s case (1906), however, 
sparse Marchi degeneration was followed to the posterior portions of the 
frontal convolutions as well as to the precentral gyrus. Although the num- 
ber of degenerated fibers decreased anteriorly, there appeared to be a fairly 
even distribution of the fibers to the precentral and posterior parts of the 
frontal gyri. In the chimpanzee and man there does seem to be some evi- 
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dence to support the hypothec of fan-like radiations to the precentral 
motor cortex. In other words, the more anterior portions of the thalamus 
send their fibers to the more anterior portion of the precentral motor 
cortex. Papez (1940a) concluded from his studies that the termination 
of the dentato-rubro-thalamic fibers in the ventrolateral nucleus lies pos- 
teriorly and laterally to the termination of the lenticulothalamic fibers, and 
that the projection to the precentral motor cortex from the ventrolateral 
nucleus of the thalamus retains this same anteroposterior orientation; i.e., 
the cerebellar impulses are relayed primarily to area 4, whereas the im- 
pulses from the lenticular nucleus are transmitted predominantly to area G. 
Thus Papez’s observations in the human brain further confirm Polyak’s 
observations that the thalamocortical fibers are arranged in a series of fans 
oriented anteroposteriorly. The following case illustrates the thalamic con- 
nections to the precentral motor cortex. 


CASE 1 


On March 6 1939, u twenty-four year old 
man (LP, Unit No 216063) was referred 
to the Unuersity of Chicago Clinics by Di 
M Koenig, of Hammond, Indiana Since 


the age of twelve ho had suffered fiom in- 
coluntary movements of the extromitic'', 
trunk, and head, which gradually incicasrd 
in seventy and evtent At tho time of ail- 



Fio 53 (Case 1)— Sketch of the right cerebral licnii-.phrrf showinK tiie r\tent of the 
extirpation (den-e stippling) and the Mibpiil di«>cction of the cortex (-pirfic stipi'Iing) From 
the points marked the followms responses were obtamovl upon elect tie il stiinul ition (1) flex- 
ion of the fingers of the left hind, (2) retraction of the left corner of the moutli, (3) clo-‘iir( 
of the mouth, (4) movcnienl of throit inu-cul iture; (5) flexion of the left elbow , (C) ehv.i- 
tion of the left shoulder 
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mi>sion he J1^e^ented the clinical picture of 
djstonift muiciilorum deforniaiii 

In two stages the face and arm portions 
of areas 4 and 6 were remoxed from the 
right hemisphere Three month' later the 
face and arm fields of areas 4 and 6 %ere 
remor ed from the left cerebral bemi'phere' 
After each of tho'C [irocediircs a tenn>orar>’ 
improiemenl i\ i' noted in the mvohintarr 
nio\ement» lie diwl tliirt\-ntne ila\» after 
the li't operation 

Gross Description o! the Brain 

On the right side the dura miter under 
the bone flap wa' thickened and on the left 
side co\ered by a thin stratum ot dark, 
coagulvtcd blood The cerebral hemisphen-' 
were symmetnctil At the frontal poles the 
sulci were widened and tlw convolutions 
slightly atrophic Thepinetal occipital, ami 
temporal lobe» were normal The cerebcU 
him was well dei eloped .\t the b.ise ot the 
brain the leasels were thm-wdlod and tree 
from atheroni.atou' plaques The circle of 
Willis w"a< int.sct amitomicalli 
In the right frontal lobe was a large 
cortical extirpUion coveted with a thick, 
opaque membrine, which ertended from the 


Syhiin fi«sure to within 15 cm of the mid- 
Ime It reached in front of the central sulcus 
for ti distance of 6 cm. superiorly and 4 cm 
mferiorl^' Posteriorly the ba^e of the abla- 
tion was onij 2 to 3 mm below the surface 
of the cortex, but anteriorly the crater was 
depre-scd 10 mm (fig 53) 

The evtirpation on the left side did not 
quite reach the S>l\ian fissure and extendcil 
siipenorli to within 2 6 cm of the midhne 
It reached 4 cm anterior to the central sul- 
cu' stijieriorli . but at its inferior extreniiti 
It was onli 2 cm from that sulcus The 
crater wa' much deeiwr anteriorly th.vn pos- 
leriorlv (fig 54) 

Complete -.cnal sections were nude of the 
frontal lobes and the bi<al ganglia 

Microscopic Description of the Right 
Cerebral Hemisphere 

Cortex— The most medial part of the 
lesion U> m the superior frontal giTus and 
was bounded bv area 6 cortex The le'ion ex- 
tended postenorb to the central sulcus, but 
.a considerable amount of area 4 cortex was 
still prc'cnt on the anterior w’all of thi< siil- 
cu« On the walls and trough of the precea- 
iml 'iiicu'. cortex of .area 6 remained The 



Fic. 54 (Case 1) —Sketch of tlie left cerebral hemisphere showing the extent of the exttr- 
p.itioa (dense stippling) and the subpial di"eefion of the cortex (spar-e stippling). From the 
points numbcriHl. the following re-poa-e* were obtained upon electrical excitation (I) exten- 
sion of the right wTi't and fingers. (2> tetmction of the right angle of the mouth; (3) eleva- 
tion of the lamix; (4) ilosiire of the eyelids; (5) elevation of the lower jaw. 



118 


The Preceixtral Motor Cortex 


anterior maigm of the upper part of the ab- 
lation was area 6 At the le\el of the in- 
ferior frontal sulcus the rostral border of 
the lesion was bounded by granular cortex 
Along the central sulcus at this le\el most 
of area 4 was ablated In the lower part 
of the lesion, the anterior border was area 9 
cortex, but the inferior mat^in was bounded 
b\ area 6 to the tip of the central sulcus 
Thalamus — Although pathological aken- 
tions in neurons were present in practicall}' 
every jiart of tlie brain the retrograde cell 
degeneration was easily distinguishable 
These changes in the thalamus were con- 


fined to the nuclei ventralis later ilu and 
medialis dor»ali!i The degeneration btgan 
near the caudal extremity of the niitleus 
\cntralis anterior It rapidly became much 
more extensive, occupjmg almost the whole 
of the nucleus ventralis lateralis at the 
level of the subthalamic bodj In the taudal 
lialf of the nucleus ventralis lateralis the 
degeneiation was less extensive and largelv 
lonfincd to the medial part of the nucleus 
The degeneiation tciminitccl above the 
rOiifral jioition of the nucleus ccnfruin 
nicdianuin At a!nio-t its rostral tip tiu nu- 
cleus* mevlivlta doiwvhs exhibited ,i zone of 
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cellular degeneration along its lateral margin 
While maintaining relatnely the same po- 
sition, the degeneration became ahghUy 
larger in more caudal sections but termi- 
nated in the posterior third of the nucleus 
(fig 55) 

Microscopic Examination of the Left 
Cerebral Hemisphere 
Cortex — An examination of serial sec- 
tions of the left frontal lobe revealed that 
the lemoval of the precentral convolution 
vvaa incomiilete A considerable portion of 
aiea 4 bing along the anterior wall of the 
central suleiis remained undamaged Cortex 
remaining on the walls and trough of the 
inferior precentral sulcus was cjtoarchitec- 
turalh area G The margins of the ablations 
appeared to be lined with cortex of area 6 
except at the middle frontal gjnis where 
granular fiontal cortex abutted the extirpa- 
tion Infenorly the ablation extended to the 
margin of area 44 but was bounded by area 


6, except on the margin of the central sulcus 
where area 4 cortex was present Thus a 
part, of area 4, 43, a considerable pail of 
area 6, and a small portion of area 9 were 
involved bj the extirpation (fig 54) 
Thalamus — The degeneration in the thal- 
amus was clear. It took (he form of patches 
of gliosis in the nuclei ventralis lateralis and 
medialis dor«ali» The degeneration began 
near the caudal extremitv of the nucleus 
ventialts antenor as small discrete areas of 
gliosis in (he dorsal and medial portions of 
the nucleus ventralis laterali' At approxi- 
niateb the sinie level a small zone of 
cellular di^eneration vva< pre-ent m the 
paralamellar part of the nucleus medialis 
dorsalis m a few sections The degeneration 
in the nucleus ventralis lateralis was exten- 
sive but patchy and was confined to the 
medial half of the nucleus It extended 
caudally slightly posterior to the rostral 
tip of the nucleus centrum medianuni 
(fig 56) 


It is evident from the findings in this case that the thalamic projection 
to the arm and face fields of areas 4 and 6 of the cerebral cortex originates 
from the nucleus ventralis lateralis and mainly from its medial moiety. 
The degeneration nithin the nucleus medialis dorsalis in this case is the 
result of damage to the granular prefrontal cortex (Walker, 1938b). 

There is also a somatotopic organization within the thalamic radiation 
to the precentral convolutions In the macaque monkey this can be easily 
demonstrated by examining the degenerations following lesions of the 
cerebral cortex m the leg. arm, and face fields. These degenerations occur 
in the lateral, intermediate, and medial portions of the ventrolateral nu- 
cleus of the thalamus respectively. In the chimpanzee it also has been 
shown that such an arrangement is present, although the evidence in the 
chimpanzee is perhaps not so conclusive as in the macaque monkey. 
Although the evidence for this arrangement in man is not too satisfactory 
there are certain reports (Fukuda, 1919, cases 1 and 8; case 1 of this 
chapter) that seem to suggest such a somatotopic organization of (he 
thalamic projection to the cerebral cortex. That this projection adheres to 
the precise boundaries that Dusser de Barenne and McCulloch (103Sa) 
have found, using the method of strychniiiization, cannot be stated at this 
time. Certainl}’ the inediolateral orientation is much more precise than the 
anteroposterior arrangement of the thalamic projection in which there is a 
great deal of overlapping. In fact, using the Marchi technique, some of t!ie 
earlier investigators (.'^achs. 1909. and more recciifly Crouch. 1940) hate 
stated that tlie projection to the precentral motor cortex occurs from botli 
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the ventrolateral and the ventroposterior (or ventroposterolateral and 
-medial) nuclei of the thalamus. These investigators do not believe that 
there is the clear-cut differentiation of the thalamic projection to the 
cerebral cortex vhich the use of the method of retrograde cell degeneration 
would lead one to suppose It is probable that Crouch (1940) is correct in 
his contention that there is a piojection from the posterior ventral nucleus 
of the thalamus to the precentral motor cortex, which cannot be demon- 
strated by the retrograde cell degeneration methods, due to the fact that 
tlie projection is much scantier than that from the ventrolateral nucleus. 
Such an afferent connection wouUl be in accord nith tlie findings of Dusscr 
de Barenne and Sager (1937) who. by strj'chiumzation of any portion of 
the ventral nucleus of the thalamus, found connections to both pre- and 
postcentral convolutions. This dual thalamic projection, however, does not 
nullify in any uay the general organization of the thalamic projection to 
the cerebral cortex. It merely indicates the presence of complex pathways 
by which the precentral motor cortex is mamtamed in contact uith the 
various modalities of sensation. 

Thalamic Connections to Cytoarchitectural Areas 

The precise arrangement of the thalamic connections to the indi- 
vidual areas of the precentral motor cortex is fairly well known in the 
monkey and chimpanzee, but for man there is little data. 

Area 4 — In the lower primates area 4 comprises a relatively large pro- 
portion of the precentral motor cortex, but in the higher primates area 0 
is predominant (see Chapter II) Accordingly the relative size of the 
thalamic projections to these areas varies m the ascending primate scale. 
In the macaque monkey (Polyak. 1932; Walker 193Sa) area 4 derives a 
rich supply of fibers from the anterior half of the lateral nuclear mass 
whereas area G receives only a few fibers. There does not appear to be a 
distinct locus in the nucleus \ entrails lateralis from which the fibers to 
area 4 originate. In fact, after reiimal of the precentral convolution of this 
animal it is at times difficult to detect the retrograde cell degeneration, so 
diffuse is it in the nucleus vcntralis lateralis. In general, however, it ap- 
pears that area 6 receives most of its fibers from the dorsal and medial parts 
of the nucleus ventralis lateralis and area 44 from the ventral and 
medial part, the remainder of the nucleus sending fibers to area 4. In the 
chimpanzee the thalamic projection to area G is much greater than in the 
monkey. It is increased relatnely more than that to area 4. As an illus- 
tration of this fact the degeneration in the brain of chimpanzee “Becky” 
may be compared with that of chimpanzee “Muscai” (Walker, 193Sb). 
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CASE 2 


The following operatne procedures were 
performed on a female chimpanzee 
(“Beclvy”) 

March 22, 1934 Afal.'ition of the left 
fiontal association area 

July 12, 1934 Ablation of the right 
fiontal association aiea 

December 2, 1936 Ablation of the left 
]>reinotor aiea 

March 12, 1937 Ablation of the right pic- 
motoi area 

Foi over four years until the time of 
Sdcrificc, June 17, 1938, the animal was 
studied psychologically by Dr Carlyle 
Jacobsen As the two hemiaphcres aie es- 
sentially the same, only the left will be 
described in detail. 


Gross Description of the Left Cerebral 
Hemisphere 

The cortex of the occipital and temporal 
lobes of this hemi'»pherc appeared normal 
There were three clips along the mferioi 
postcentral sulcus, and the cortex along 
the lips of this sulcus appealed to be 1 icei- 
ated to some extent The frontal lobe antei loi 
to the precential gjrus was almost com- 
pletely ablated (fig 57) Superior^' the mar- 
gin of the ablation began along the midlino 
1 5 cm anterior to (he centra! siilcus, passed 
literally and paralleled the anterior lip of 
the centra! sulcus to withm 1 1 cm of the 
Syhian fissiuc, where it turned anteriorly 
to the mfeiior «uifaee of the frontal lobe. 
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Fir. 5S (Cd'e 2) — SketiliP' ol rei>re>pnlati\e -.priJil swliott- of the lli.iI imii- with the .-ite 
of rptrograde cell de^iesFralion indioatpd b\ roiiod Ktipi'lios The .lo^iilar etippimg rejire'Pnt> 
normil neuron.' 


p.t'jine 1 to 2 mm from the upper margin 
of the SvhiaD fi-'sure It crosye<l the frontnl 
lobe 15 cm anterior to the optic chiasm 
Aloni? the medial surface the Ic'ion sloped 
to the ilotval a'i'ect of the corjuis callosuna. 
I to 2 mm of cortex remaining aboi e the 


corpus cdllo'iim in tlie cinguhr gvriL-. The 
denuded surface of the frontal lobe wa.' 
coxered by a thin .arachnoid membrane, but 
tlie membrane divl not co\er the anterior 
bom of the litemi icntncle, in which the 
head of the caudate niirleiis could be seen 
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Microscopic Examination of the Left 
Cerebral Hemisphere 

The olfactory tracts seemed to be intact 
The cortex of the gyius rectus and in- 
ferior and medial surfaces of the hemisphere 
posterior to the anterior horn were un- 
damaged The lesion passed across the iso- 
cortex of the oibital surface and opened 
into the anfeiior horn of the lateral ven- 
tricle at ita rostral extiemily Tho lesion 
had taken out a con'^iderable poilion of the 
liteial surface of the nucle«» caudilus as 
far pOiteiiorly as the oral extremity of the 
S>hun fissiiie The fibers of the lostrum of 
the coipiis callosum were completelv' de- 
geneiated, and only a thin strip of cmgular 
CQitex lay above the corpus callosum an- 
terior to the rostral portion of the thalamus 
The opening in the lateral ventricle ex- 
tended posteriorly to the level of the fora- 
men of Mnnro At the level of the rostral 
part of the Sylvian fissure the lesion reached 
the convexity of the frontal lobe, and the 
cortex on the orbital surface posterior to 
this point was free from injury At this level 
the lesion extended through the white mat- 
ter just above the caudate nucleus with only 
a millimeter of tissue intervening On the 
convexity the lesion passed superiorly just 
anterior to and above the anterior sub- 
central sulcus It passed along the anterior 
margin of the precentral convolution, su- 
periorly along the anterior margin of tho 
precentral suleua The cortex on tlie anterior 
margin of the lesion on the convexity of 
the brain was area 6 in all but a small zone 
in the iipjier third of the piecentral con- 
volution where glioscd area 4 was present 
There was a small lesion of the jiostcentnil 
convolution m the face area, part of which 
was apxiarentl> the result of terminal trxpei- 
inicntation 

Thalamus — In the white matter around 
the head of the caudvfe nucleus there was ex- 


tensive d^eneration, indicated by a marked 
gliosis This extended into the rostral 
portion of the corpus callosum The degen- 
eration of the deep white matter of the 
frontal pole could be traced posteriorly into 
the white matter of the temporal lobe and 
into the white matter lying just literal 
to the angle of the bodj of the lateral 
venfncle In these locutions the degeneia- 
tion became diffuse ind eouUl not be fol- 
lowed as a bundle A massive degeneiution 
descended in the anteiior limb of the in- 
ternal capsule and then divided into two 
groups of degeneiation The first swung 
medially at the oral extreniitj of the tliila- 
miis and entered the nucleus ventralis an- 
tenoi, spreading out along the internil 
medullary lamina Many normal cells were 
present m the gliosed nucleus ventralis an- 
terior, but as this portion of the thalamus 
was followed postenorly a definite decrease 
m cells was noted — evidence of retrograde 
cell degeneration of the dorsoniedial pirt 
of the nucleus ventralis lateralis The ma- 
jonly of the fibers parsed through the in- 
ternal medoliiry lamina into the nucleus 
mediahs dor&alis of the thalimux, which 
except for scattered normal cells was se- 
verely degenerated throughout itx entiic 
extent (fig SS) The anteiior thalirnic 
nuclei on both sides showed a alight scat- 
tered degeneration in the nucleus anteroven- 
Iralis in its middle and lower jnrtx The 
nucleus ventralis posterior was not degenei- 
alcd The second group of dcgenerited 
fibers, which passed through the anterior 
limb of tho mteinal capsule, rcichcd the 
basis pedunculi Some seemed to enter into 
the region of tho nucleus ruber, where con- 
siderable ghosis perhaps indicated their 
termination The majority of the fibers 
passevl along the medial part of the ccribril 
peduncle into the pons (Arnold’s bundle) 


It is apparent from this case that in the chimpanzee there is a relatively 
rich projection from the dorsal and medial portions of the ventrolateral 
nucleus of the thalamus to area G. Presumably the remainder of the ventro- 
lateral nucleus of the thalamus (which degenerates when the entire frontal 
cortex IS removed — chimpanzee Mussai) projects to the precentral cortov 
that remained in this animal, namely area 4 and part of area fi. Tlius 
area 4 receives its afferent fibers mainly from the posterior and lateral 
parts of the nucleus ventralis lateralis. 

Area 4 may be divided into face, arm, and leg fields. Tlic projection to 
each from the thalamus is fairly well established. Although Dejerino and 
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certain earlier investigators suggested that the somatotopic orientation 
within the ventral nucleus of the thalamus is vertical, it has been shown 
by several methods that the body segments are represented horizontally. 
In 1934 this niecliolateral arrangement was demonstrated for the macaque 
monkey (Walker. 1934) by Xissl's method. Three years later Dusser de 
Bareune and Sager (1037) confirmed this representation using the strych- 
ninization method. Further verification has been made anatomically by 
Le Gros Clark and Boggon (1935). The face field of area 4 receives the 
fibers from the more medial portion of the ventrolateral nucleus, the arm 
field from the central portion, and the leg area from the lateral or para- 
lamellar portion of the ventrolateral nucleus of the thalamus Anatoini- 
call}' there appears to be a certain amount of cortical overlap betnecn 
these projections. This somatotopic arrangement is present in the chimpan- 
zee (Walker. 193Sb. Exp 3 and 7). That this probably holds for man also 
may be deduced from the degenerations found in case 1 of this report. 

Area 4s— The thalamic projection to area 4s cannot be defined at 
this time. In the macaque monkey this area is so small that little retro- 
grade coll degeneration would be e.xpocted from a lesion confined to it In 
one chimpanzee (“Suzanne *’ case 3) an isolated lesion of this area failed 
to produce degeneration in the thalamus. In fact, it seemed that the de- 
myelinized fibers could be traced only to the cingular gjTus. and no 
degoncratccl fibers could be followed to the thalamic region. Polyak (1932). 
houever. shows a projection to the anterior part of area 4. It is probable 
that the “strip area" receives few. if any. fibers from the thalamus. The 
afferent connections to this area have not been studied in man. so no state- 
ment can be made regarding its thalamic projection. 

Area 6 — The thalamic projection to area 0 becomes progressively 
larger as one ascends the phylogenetic scale. In the macaque monkey only 
a few fibers from the thalamus enter the upper and lower parts of area G 
(Walker. 193Sa. Exp 9 and 11) In the chimpanzee a much more e.xtcnsnc 
thalamic projection to the premotor area is present (see chimpanzees 
“Becky" and “Lucy." Walker. 1938b). The following case illustrates the 
afferent connections to this area from, the thalamus in the chimpanzee. 


CASE 3 


An imnntiire fcniile chimpinzep (‘"Sii- 
zinne”) wn® sxibjeclcd to the fotlonini; 
oi'eratne procedures 

Mircli 13. 1036 Ablition of the right 
cercbellir hcmi'|ihcre 

.\vnt 22. 1036 AblAtton o( the toft pre- 
motor are.t. 


Jinuary 22. 1937 Ablation of the strip 
between area? 4 and 6 on the right side 

Febniarj 4, 103S Ablation of ricbt p.i- 
nettl lobe 

October 25, 1939 Ablation of left p.irie- 
tdl lobe 

Four dus after the left I'jnet.il lobe w.ti 



126 


The Precentral Motor Cortex 


removed the aninidl died As only the 
frontal lobe lesions are pertinent to thia 
disc\i«sion the other ablations will not be 
described 

Description of the Right Cerebral 
Hemisphere 

The right cerebral hemisphere uas about 
the same sue as the left and contained two 
lesions both of which appeased to be of 
some age, for they were free of blood, and 
coiercd by thin, brownish arachnoid The 
first le«ion lay in the frontal lobe and the 
second in the parietal lobe 

Extending from the inidlme about one 
centimeter in front of the central sulcus 
was a narrow slit larjmg from 2 to 6 mm 
m width which pas'ed almo&t vertically 
downward to join the central sulcus at its 
antenoT cvirve, about cm from Us lower 
extremity The lesion extended downward 
on the medial surface of the henM«phere for 
06 cm The precentral convolution was 
nariovved, but its surface was not injured 
The prefrontal avea anteuoi to the keion 
was normal 

An examination of '^enal sections of the 
brain revealed a sballon lesion of the pre- 
central convolution destroying all lasers 
of cortex but not damaging the walk of the 
infenoi prccential sulcus Farther posteri- 
oilv it reached the anterior lip of the 
central sukus The lesion then pa$&ed dor- 
sftll> to the superior precentral 8uJcu«, the 
lip and walls of which were little damaged 
Farther superiorly, however, the narrow 
lesion extended to the white matter and 
leathed the midlme The le»ion was 
bounded on the anterior margin largelj bj 
cortex of area 6, and on the posterior 
margin mainly bj area 4 coitex It had 
therefore damaged the cortex adjoining 
thc'C two areas, referred to bv Kines (1937) 
.1® the ‘‘«frip area" and bv Duever de Ba- 
renne and McCulloch 119380 as area 4s 
(hg 59) 

From the ie®ion no dogcncration could be 
traced through the internal caiisule to the 
thalamus The major portion of the de- 
mvehnization pi'-ed medially, leaving a 
narrow band of "U” fibers intact, to reach 
tlie g.vnii cingulum (fig 60) 

Description of the Left Cerebral 
Hemisphere 

The convexity of the loft cciebnil heiiii- 
®lihere wa-i largelv ob>cure<l In a thin liver 
of hemorrhage, miking the aeciirate dolinii- 



Fic 59 (Ca®e 3) —Sketch of the cerebral 
hemispheres of chimpanzee “Suzanne,” to 
show the extent of the cortical lesions The 
stippled area on the right side represents a 
small zone of subinal softening, that on the 
left side, the ablation made ju«t before the 
death of the animal 


tation of the lc*ion difficult Two lesions 
were present one— presumably quite frc«h, 
for Its bed wa» necrotic and hemorrlMgio 
white matter— in the parietal lobe, and the 
other in the premotor region The extent 
of the tatter lesion was difficult to map, 
owing to the subarachnoid hemorrhage It 
was a wedge-shaped le»ion extending from 
the midline to the tip of the central sukiiv 
Its posterior margin at the midlinc was 22 
cm anterior to tlic central stileu-*; mfcriorlj 
It was 1 2 cm anterior to the central miens 
The le-aon wu® 20 cm in width at the mid- 
Ime, and 10 cm in width at its inferior ex- 
tremity The crater was dejirc'.'ed 05 cm 
below the surface of the surrounding cortex 
From tlie midlmc the Kion extended 4 0 
cm lateralb «nil onto tlic iwdul eiirfaci 
for 10 cm The lc»ion lav jii-t iintmor to 
the sulcus jirecentralis superior and fol- 
lowed the posterior lip of the sulcus pn- 
centmlw inferior Anteriorly it cut across 
the siilei frontalis superior and inferior 
Examination of scriil sections of the left 
hemisphere showed the lesion to he ii rcli- 
tively supeHiciil one, extending from the 
midlme across the midiile frontal sulcus 
It wd« wider along the midline Ih.in later- 
alb MesbiHv It reached the dorsal hi> of 
the euHo-o-m irginal siiliiis and had pro- 
duced a small softtning henealli the cingii- 



I (C.i-c- 3( — Photomicrocni'h of tlie j>jraifnlral ffition 
entprma th< cmcular e»rU' Ironi lh< I<-ion of art x 
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Fir 61 — rhotonucroprajih', of fix represenfatne '=cridl i«Oons of the left tlulimui of 
<hiii)]i!inzcc ‘Suz.innc,'' with the retrograde tell degenorition indicited bj f-tippling (.^niith- 
Quigley etain for injclin) 


1ji g\ ru- It extended into the white Thalamus — The retrogr ide cell clegc nera- 

iiijtter onl' one or two milliiiieters and did tion in the left thiljmu> wa^ confined to 

not dimige the cortex or the waMi of the the dor«al half of the nuchux 'cntrah' later- 

-•ui>(.nor or middle frontal fiilei The an- ah-- Antenorlj it wax fomonhit fcattered. 

tenor m irgin of the Ic-ion w is bounded but ju»t caudil to the nntcroventral niicicii' 

in mo't -ection- b\ am 6 dthoiigh it in- it was both exttn«n e and 10100.-0 It dul not 

tniued u)'on iici 8 in (iliic- The po-ferior imohe the medial pirt of the nucha- md 

III iririn of the Ic-ion w is bounded bt area iHnee did not reach the interml nieilull m 

6 The le-ion therefore hid dimaged the Iimmx It di-ippnrid at tlie lenl of the 

mtirioi I irt of are 1 6 irii ohing in 1 S onix rwtral jiirt of the niieh us (entnini iik ili- 

-liirhiK (fur 5't) miini (fig Cl) 

III the hiiinaii bciiiK the thalainie projeetion to area 0 jippeart- to !«• 
‘•fill more iiifeii?i\c Stern's study (IWJ) is the only e\am|)l(’ of an e\- 



Afferent Connections 


129 


tirpation in man of area G in which the thalamic degeneration has been 
studied. In his case the extirpation for removal of a cerebral scar was 
placed quite far anteriorly, but there was extensive degeneration of the 
ventrolateral thalamic nucleus (fig. 62). probably due to involvement of 
area 6 by the pathological piocess. This increasing augmentation of the 
thalamic projection to area 6 correlates well with the development of this 
area in ascending phylogeny. 

The topical arrangement of the projections from the thalamus to the 
cortex of area G probably parallels that to area 4. Thus lesions involving 
the medial portion of area 6 would give rise to degenerations in the more 



Ticj 62 Skelchp' of the Ic'ioa and retrograde cell degenerjlion in the flialamti* m Stern's 

iM'O (iai2). {By pirmu-non oj tki Jouriutl of Anntomy) 
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lateral portion of the ventrolateral nucleus of the thalamus; whereas 
lesions involving the lateral portion of area 6 would cause degeneration in 
the medial portions of this nucleus. 

Area 44 — Relatively little is known of the thalamic projection to area 
44 in the higher primates. In the macaque monkey it receives few fibers. 
In the chimpanzee data are lacking, and in man nothing is known of its 
thalamic connections. 

Area 8 — From the data available in the macaque monkey, area 8 ap- 
pears to receive its thalamic projection from the nucleus medialis dorsalis 
rather than from the ventrolateral nucleus. In the chimpanzee and in man 
no data are available directly bearing on this subject. There appears to 
be a certain topical localization within the projection to area 8, the upper 
portion of area 8 receiving fibers from the upper and lateral portion of the 
dorsomedial nucleus, and the lower portion of area 8 receiving fibers from 
the medial and inferior parts of the dorsomedial nucleus. 

Area 47 (area orbitalis dysgranularis; area 13 of Walker. 1040b)— The 
thalamic projection to this area is based mainly upon observations on the 
macaque monkey. Lesions of the orbital surface of the frontal lobe produce 
marked degeneration of the medial portion of the nucleus medialis dorsalis. 
In several chimpanzees, following extensive frontal lobectomies, similar 
degenerations have been found, presumably due to damage of this area, 
but more localized lesions are necessary to be certain of this point. 

Area 24 (anterior limbic area) — Although Lashley (1941), Waller 
(1934), and Le Gros Clark (1932) found that the anteromedial nucleus 
sends fibers to area 24 m the rat, there is little c%'idence to suggest that this 
area receives a strong projection in primates. In the monkey only sliglit 
cellular changes were found in the nucleus aiiteromedialis after a frontal 
lobectomy (Walker, 1938a, Exp. 7). In one animal a large lesion of the 
medial surface of the hemisphere damageil a considerable part of area 24 
without causing any detectable cellular change in the thalamus. In clinn- 
panzee “Becky” mild changes were present in the nucleus anterovciitralis 
Most of area 24 was removed in this case. In man there is no evidence bear- 
ing upon this point. Although cases are reported (Dejerine, I89.i) in winch 
the anterior nucleus was degenerated, lesions were not present in area 24. It 
therefore seems that area 24 receives few, if any, fibers from the thalamus. 

Afferent Fibers from. Other Subcortical Centers 

It has been stated by a number of different investigators that various 
other subcortical structures project upon the cerebral motor cortex. 1 he red 
nucleus (Monakow, 190.5; Jclgorsina, 1918), the striatum (C'ajal. 1911). 
and other subcortical centers have been claimed to send fibers to the cer- 
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ebral cortex. However, the recent volume of work on the cerebral cortex 
has failed to confirm these findings. I’ntil more evidence is presented, the 
existence of such fibers must be considered as questionable. 

Significance of Afferent Connections 

The richness of the afferent supply to the precentral convolutions in- 
dicates the importance of this area as a cortical effector center. Coming 
from many sources, the afferent fibers are obviously not all of the same 
functional order. Those originating from other cortical areas probably 
represent connections vhich serve to initiate or inhibit a motor response. 
Those coming from subcortical centers seem to be concerned with other 
functions. 

The subcortical projection is largely derived from the nucleus ventralis 
lateralis of the thalamus, which in turn is the main receptor of the fibers of 
the brachium conjunctivum (Walker. 193Sa). This cercbello-rubro-thala- 
mo-cortical hookup has been suggested by many investigators, but only re- 
cently has It been conclusively demonstrated. What type of impulses it 
carries, precisely the effect of these impulses on the cerebral cortex, and 
how they influence the motor mechanism is not known. There is no evi- 
dence that this pathway carries any modality of conscious sensation. Fre- 
quently it has been stated that it subserves “unconscious proprioception." 
but this philosophical phraseology merely obscures the issue. The mam in- 
fluence of the cerebellum on the cerebral cortex has been related to the 
maintenance of proper tone within the individual units of the motor sys- 
tem. The removal of this influence leaves the cerebral cortex in an ab- 
normal state (Dusser de Baremic and McCulloch. lD41a). and this m turn 
produces an abnormal lone, including tremor, in the peripheral muscula- 
ture. This mechanism does not enter consciousness. If the maintenance 
of tone were the only function of the thalamic projection, conscious sensa- 
tions w ould not be produced by stimulation, nor sensory loss by extirpation 
of the precentral motor cortex Yet both of these phenomena do occur. 

Pciifield and Boldrcy (1937) have reporte<l an extensive senes of cases 
in which the cerebral cortex was stimulated electrically. Sensation, mainly 
of tingling, numbness, or a sense of movement, was produced by excitation 
of the precentral and postcentral convolutions, and approximately 25% of 
the responses xvere obtained from the precentral convolution. It is true that 
in these cases the postcentral convolution was intact and that it could con- 
ceivably have been responsible for the result, either due to direct or in- 
direct stimulation. Yet this seems unlikely. One type of response, a “de- 
sire-to-move,” was obtained almost e.xclusu'ely from the precentral cortex. 
Extirpation of the precentral cortex, as has been staled many times, pro- 
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duces initially sensory disturbances Tvhich usually clear up within a few 
weeks (Evans, 1935). The modalities most frequently involved are pal- 
lesthesia, proprioception, and stereognosis. Usually the appreciation of 
pin prick and cotton wool is good, although the latter may be poorly local- 
ized. Is this absence of impairment of tactile sensation to be correlated 
^^ith Marshall, Woolsey, and Bard’s (1938) finding that tactile represen- 
tation in the monkey is exclusively in the parietal lobe? That these sensory 
disturbances are the result of edema of the postcentral convolution does 
not seem likely, for frequently when only an arm or face field is removed 
the uninvolved limb retains normal sensibility, although both its motor 
and sensory cortical field adjoin the ablation. It seems evident, therefore, 
that there is a conscious sensory representation in the precentral motor 
cortex. (See also Chapter XIV.) 

Is this representation subserved by the fibers from the ventrolateral 
nucleus, or is it a clinical manifestation of the dual thalamic projection 
from the nucleus ventralis posterior, which has been discussed previously 
(p. 121)? Although the first hypothesis is possible, the fact that the 
sensation obtained from stimulation of the pre- and postcentral convo- 
lutions IS identical, except for the phenomenon of “desire-to-move.'' fa\or«i 
the second suggestion. The second alternative allows a rational explanation 
for the rapid disappearance of the sensory disturbances. 

The significance of the afferent connections of the precentral motor 
cortex is then threefold. In the first place, through the fibers originating 
from other cortical areas it receives excitatory or inhibitory impulses May 
the "desire-to-move” phenomenon excited by cortical stimulation be the 
artificially induced counterpart of this first type of impulse? Secondly, 
through the cerebello-rubro-thalaino-cortical system the precentral motor 
cortex is kept in a constant excitatory state, the peripheral manifestation 
of which is "tone.” And finally .by fibers which probably originate ni the 
nucleus ventralis posterior of the thalamus the precentral regions acquire 
a sensory representation qualitatively of the same order as that attained in 
the postcentral convolution. 
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EFFERENT FIBERS 


T he precentral region of the cerebral cortex was recog- 
nized early as the source of a great cerebral efferent tract, the cor- 
tico-spinal or so-called “pyramidal tract’' of Tiirck and Flechsig. 
Although it has been known for many years that other corticifugal fiber 
systems originate in the cerebral cortex, indeed m this “motor’’ region, the 
importance of these extrapyramidal tracts has not been generally recog- 
nized until the past decade. It is readily apparent from the pronounced 
decrease in size of the corticifugal bundle as it passes through the brain 
stem that the extrapyramidal projection of the cerebral cortex is much 
more extensive than the pyramidal system. 

The following description of the efferent fibers of the precentral cortex 
is based mainly upon human pathologic data and experimental studies 
of primates, with mention of certain findings in lower animals. As a 
preface to this review, a brief discussion of the chief technics employed 
is presented. 

Methods of Tracing Nerve Tracts 

Marchi Method— This is the most important method by which degen- 
erating myelinated nerve fibers may be traced. It is a highly sensitive 
method, requiring the utmost precautions in limiting the experimental 
lesion to the area studied, in the performance of the histologic technic, 
and in the discretional study of the preparations. It is not aluays satis- 
factory for fine myelinated fibers and. of course, does not reveal changes 
in unmyelinated fibers. 

Fiber Degeneration by Weigert’s Method (or any other method for 
staining intact myelin sheaths) — This method, demonstrating an absence 
of myelin after degeneration of a fiber tract, is of value particularly when 
the tracts are compact and heavily myelinated. In the study of small 
bundles of fibers, or when the fibers of a tract intermingle with those of 
other tracts, the method loses much of its value. A complement of tin.': 
technique is the demonstration of gliosis in the bed of a degenerated tract. 
With the use of silver impregnation for axis cylinders instead of the myelin 
stain, the total fiber content, including the unmyelinated, may be studied. 

Retrograde Cell Degeneration of NissI — Chromatolysis of the XissI 
substance in ganglion cells, following interruption of their axons, provides 
an accurate method of tracing the origin of a fiber tract. It has several 
important limitations. There is an optimum period for the chromatolysis. 
which appears to differ in the various tracts of the brain; therefore, the 
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time factor must be determined separately for each system studied If the 
central axonal segment provides collateral branches, the retrograde altera- 
tion may be significantly modified. Further, the reaction is difficult to 
detect in ganglion cells that are not highly chromatophilic, and in certain 
nuclei related to the vegetative nei^'ous sj’stem the normal cell appearance 
approaches that of the axonal reaction. Chromatolj'sis from other causes, 
such as diffuse circulatorj' disorders (shock is an example) , has to be differ- 
entiated by histologic detail and a widespread distribution. With these 
qualifications, the method has much value, but only uhen it yields positive 
results. 

Projection Fibers 

The efferent projection fibers of the precentral region of the cerebral 
cortex form a dense mass which descends into the underlying segment of 
the corona racliata. The course of these fibers has been studied by numer- 
ous iinestigators during the past half-century. Melius (1899) and Simpson 
(1902) studied iMarchi preparations with lesions of the precentral region, 
nith consistent results nhich since have been amply confirmed In recent 
years the projection systems of the cytoarchitectural areas 4, 6, and 8 nere 
examined by Levin (1936); area 4, by Hirasawa and Kariya (1936); 
areas 4, 45, and 6, by Verhaart and Kennard (1940). These investigators 
found by the Marchi method that the efferent fiber tracts of these areas 
are intimately related — not only do they intermingle, but also they pass 
to the same subcortical nuclei, except for the spinal projection which is 
essentially derived from area 4. The descending projection fibers pass ex- 
clusively into the ipsilateral internal capsule and do not decussate througli 
the corpus callosum (Polyak, 1932). 

The mass of precentral corticifugal fibers passes medially, downward, 
and slightly posteriorly and enters the internal capsule, where it occupies 
the anterior two-thirds of the posterior limb (fig. 63). A spatial distinction 
of the fibers from areas S, 6, 4s, and 4 is already evident, although there is 
considerable overlap (fig. 64). The fibers from area 8 are situated close to 
the knee of the internal capsule, those from area C immediately posteriorly, 
and those fioni area 4 in the middle part of the posterior limb It has been 
stated also that the leg fibers are situated posterior to the arm and face 
fibers in the intornal capsule, and lateral to them m the cerebral peduncle. 
The plan of this chapter is to follow these fibers as they leave the nwin 
avenue of the descending tracts towaixl their destination in various 
subcortical nuclei 

Cortico-Striatal Fibers — Lesions in the precentral areas give ri«e to 
degeneration m minute fillers of the stratum .«:ubcallostiin in the region of 
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Tk. 63 — DiJKrmii of flic ihsfnbulion of (ho frontal efferent fibers m the mlerna! cap'ule 
of the r«onke\ Horizontal section Area 4 fibers are repre«ented b^ sqturcs, area -Js, 
tnanRlcs, area 6, b^ circles, area 8, bj ■’i , and prefrontal region, bj broken hne» The fibers 
from the precentral region oecup\ the anterior two-thinla of the posterior limb mth thO'C 
from area 8 situated immediately posterior to (he genu, and those from .ireas 0. 4s, and 1 
farther posterior The partial intermingling of the fibers from these areas is indicated 


passage of the precentral efferent systems. Sachs (IS07). Dejenne (1901). 
Minko^^skI (1923-1924), and Polyak (1932) considered the stratum sub- 
callosum to be the pathway of descending fibers from the cortex to the cau- 
date nucleus. However, most observers ha\e found no degenerated fibers 
within the caudate nucleus, even when the subcallosal degeneration was 
heavy. Glees,' on the other hand, noted in the cat that destruction of an 
area comparable to area 4s in primates resulted in degeneration of the 
fine unmyelinated nerve network in the caudate nucleus. This observation 
lent anatomical confirmation to the demonstration by Dusser de Barenne. 
Garol, and McCulloch (1940). m their electro-physiological studies, that 
the suppressor areas 4s and 8 send fibers to the caudate nucleus. 

Dusser de Barenne. Garol. and McCulloch also demonstrated a projec- 
tion from areas 4 and 6 upon the putamen (which in turn activates the 
outer segment of the pallidum). This physiological observation has like- 
wise been confirmed by Glees (1944. 1945) who presented anatomical evi- 
dence of projection fibers from area 4 to the putamen and from area 6 to 
the external segment of the globus pallidtis. Unquestionably, further re- 
search is needed to clarify, amend, and amplify our knowledge of the 
eortico-striatal fibers. 

Cortico-Pallidal Fibers — As the projection from the precentral cortex 
passes farther along m the internal capsule it comes to he along the medial 
border of the globus pallidus The gray matter of this nucleus, particularly 

' Glre<. P IVr'on-il comniiinir.ition to Dr W S McCiillodi 
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of its inner segment, encroaches upon the fibers of the internal capsule and 
divides the marginal fibers into small bundles. Although the degeneration 
in these bundles has led some to infer that they represent corlico-pallidal 
fibers, recent studies show that the fibers for the most part do not termi- 
nate here but rejoin the internal capsule, even after a considerable deflec- 
tion (Levin, 1936; Verhaart and Kennard, 1940). However, a fine stippling 
may be noted around the bundles, suggesting that fibers are here given off. 
possibly as the fine collaterals of the descending fibers described by Cajal 
(1911). The myelogenetic findings of Flechsig (1921) suggested abundant 
connections between the central cortex and the globus palhdus, but other 
investigators (as Wilson, 1914) have been unable to demonstrate these 
fibers However, McCulloch and his collaborators have found definite elec- 
tro-physiological evidence that area 6 projects directly onto the globus pal- 
lidus (see Chapter VIII), and Glees (1945) reports finding anatomical 
evidence of fibers from area 6 to the external segment of the globus palhdus. 

Cortico-Thalamic System — There is an extensive projection of the 
cerebral cortex upon the nuclei of the thalamus. This projection is nell 
organized (Monakow, 1905) and closely parallels the thalamo-cortical 
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system. From all the precentral cortical areas, a moderate number of 
medium and fine fibers enter the thalamus beginning at about the trans- 
verse level of the anterior commissure. They form part of the radiating 
fibers of the lateral nuclear mass (Simpson and Jolly, 1907; Sachs, 1909; 
Polyak, 1932) and extend throughout the ventral lateral nucleus. This is 
the portion of the thalamus which, according to Walker (1938a), receives 
the fibers of the brachium eonjunctivum and projects upon the motor 
cortex, thereby completing the chain of the cerebello-thalamo-cortical 
pathway. The interrelation of the short cortico-thalamo-cortical circuit 
witli the longer cortico-ponto-cerebello-dentato-thalamo-eortical circuit is 
not understood. Another function of (he cortico-thalamic fibers, according 
to Riese (1925), may be in relaying impulses to the striatum; a thalamic 
link in the cortico-hypothalamic pathway is likewise to be considered. 

Cortico-Hypothalamic Connections — .Vnatomic evidence of a direct 
pathway from the precentral cortex to the hypothalamus is very scant, in 
spite of the physiologic observation of autonomic activity of this cortical 
region (see Chapter XI). Mettler (103ob) saw degeneration of fine myeli- 
nated fibers in the septum peUucidum after a lesion of the precentral gyrus, 
and Hines (1943) noted fibers passing to this region after injury of area 4s 
Levin (1936) did not observe clear Marchi degeneration into the septum 
with lesions of the precentral or prefrontal areas except when the olfactorj’ 
tract was damaged According to Ariens Kappers. Huber, and Crosby 
(1936), direct cortico-hypothalamic tracts arise only in the olfactory cortex, 
i.e., the hippocampus. The observation by Kimmel 1 1943) of a projection 
of the substantia nigra upon the mammillary body, infundibulum, and 
lateral hypothalamic area suggests nigral relay m a precentro-hypothalamic 
system. 

Cortico-Zonal and Cortico-Rubral Fibers — small number of fibers 
from the precentral cortex leave the internal capsule and sweep into the 
ventral tegmental field of Forel (H.t) and zona incerta. These fibers are 
derived from areas 4, 4s. and 6. The degeneration in the zona mcerta con- 
sists of a fine stippling, suggesting changes in terminal arborizations; that 
which passes in Hs with the lenticular fasciculus is coarser, and the IMarchi 
granules are arranged in long rows characteristic of true secondary degen- 
eration. The degeneration continues caudally into the superior radiation 
of the red nucleus, and it is probable that the fibers represent percentro- 
rubral as well as precentro-zonal fibers. The changes in the red nucleus are 
limited to the anterior (microcelhilar) portion. Fibers cannot be traced 
into the subthalamic body of Luys. Cortico-subthalamico-rubral fiber de- 
generation has been observed by numerous investigators, including Mona- 
kow (1910), ArchambauU (1014-1915), Minkowski (1923-1024), Levin 
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0936). and Hirasawa and Kariya (1936) Houe\er. it is only mild, and 
corticifugal fibers form only a small part of the fiber systems of this region 
This confirms the work of Edinger and Fischer (1913). riho found the 
subthalamic fibers little changed in an essentiallj' decorticate specimen 
with intact globus pallidus. 

Arrangement m the Cerebral Peduncle — In passing through the in- 
ternal capsule the mass of fibers from the precentral cortex has gi\en off 
a moderately large number of fibers The fibers to the diencephalon are 
mostly fine and medium in thickness. The remaining fibers, consisting of 
large numbers of thick fibers in addition to many smaller ones pass into 
the cerebral peduncle, where they occupt' the larger part of the pes 
pedunculi. The precentral corticifugal mass lies between Arnold's bundle 
(from the prefrontal cortex), lu the medial one-tenth of the pes. and 
Tiirck’s bundle (the origin of nhich is still doubtful, although it probably 
arises from the parietal corte.x — see Mettler. 1935c: Rundles and Pape/, 
1938: aud Peele. 1942c). m the lateral one-fourth. The projections of the 
constituent areas are still arranged in an orderh' fashion, the medial fibers 
being a small bundle from area 8, with larger bundles from areas 6. 4s. and 
4 respectively, distributed more laterally (fig. 54) The relative magni- 
tudes of the projections from areas 4. 4s. and 6 have not been accurately 
determined, but the impression is gamed from the various reported studies 
that area 4 has the greatest total projection area 4s is probably next, and 
area 6 has the least In one of Lenns experiments (1936; Exp 9). in 
which the lesion involved the anterior portion of area 6 (Ga/8 of the Vogts), 
the degeneration was much less than in others m which the lesions were 
located in the posterior portion of area 0. probably including also part 
of area 4s. 

Cortico-Nigral Tract — In the midbrain. numerous fibers of medium 
and fine caliber stream dorsally from the pes pedunculi. forming the 
stratum intermedium pedunculi A short distance after leaving the mam 
corticifugal band they disappear into the substantia nigra Isolate<J fibers 
pass through the substantia nigra, disappearing at the border of the 
reticular formation. These changes occur at all levels of the mulbrani but 
are usually more pronounced in the caudal portion They are not apparent 
m the rostral (diencephalic) portion of the substantia nigra 

The cortico-nigral tract is one of the major efferent pathways from tJic 
precentral region. Approximately one-third of the precentral corticifugal 
fibers descending to the midbram pass into the stratum intermedium di- 
rectly dorsal to the degenerated segment of the j>es pedunculi. The de- 
generation in the stratum iiitemieilium varie« witJi the =i70 aiifl location 
of the cortical lesion. 
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This direct cortico-nigral system of fibers may be considered as defi- 
nitely established by numerous studies on a variety of animals and man. 
Dejerine (1901) described it well and specified the precentral gyrus as the 
mam origin of this tract in man. Melius (1899) and Jolly and Simpson 
(1907) indicated degeneration of cortieo-nigral fibers after precentral 
lesions in monkeys, and ilonakow (1914) described such degeneration in 
human cases with extensive cortical defects, especially of the operculum 
Econonio (1902). m the rabbit, traced fibers to the nigra from the cortical 
area for chewing Mmkovsski (1023-1924). Polyak (1932). Levin (1936). 
Hirasaua and Kariya (1936). and Verhaart and Kennard (1940) are m 
complete accord in presenting the cortico-nigral tract as described. They 
receive interesting confirmation m the cmbryologic observations by Cooper 
(1946) that the nigra (and pontine nuclei) develop from the imdventral 
proliferation in intimate relation uith the descending cerebral fibers of the 
peduncle, according to the principle of neurobiotaxis. However, iMettler 
(193ob) found no precentro-mgral projection and Riese (1025) held that 
such a connection is very questionable. 

Do the cortico-mgral fibers constitute a separate tract or arc they 
collaterals of otlior major pathuays, such as the cortico-spinnl and cortico- 
pontine systems'* Cajal (1011) favored the latter view as a result of his 
work oil normal specimens. Studies of experimental material, however, 
indicate that the portions of the cerebral cortex giving rise to the cortico- 
nigral and the cortico-spmal tracts, respectively, are dissimilar; the latter 
tract is largely derived from area 4. uhilc the former takes its origin from 
areas 4s, 6, and 8 as uell. In the precentral projection the cortico-nigral 
fibers show a closer correlation with the cortico-pontine tract, both as to 
their areas of origin and as to the relative amounts of degeneration m each 
resulting from small cortical lesions. Whether this similarity holds for other 
areas of the cortex is not clear: that it may not is suggested by Dejerine s 
observation (1901) that cases with degeneration of Tiirck’s bundle show 
onlj' doubtful nigral degeneration 

It may not be out of place to discuss here the course of fibers arising 
from the substantia nigra. That the major projection of the mgra is upon 
the corpus striatum is indicated by the studies of Riese (1925) and Ferraro 
(1925 and 1928). Both of these investigators found extensive retrograde 
degeneration in the cells of the substantia nigra following subtotal destruc- 
tion of the striatum. With the Weigert method. Rundles and Papez (1937) 
traced fibers from the neostnatum to the substantia nigra. The experi- 
ments of Ranson and Ranson (1941) with peduncular lesions in the 
monkey, studied by the Marchi inethotl. are very clear. These workers 
demonstrated secondary degeneration of fibers passing from the substantia 
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nigra rostrally through the pes pedunculi and internal capsule to the globus 
pallidus. Hemisection of the rostral end of the pons did not result in any 
such degeneration, nor did lesions of the striopalhdum. The nigro-striatal 
nature of these fibers may thus be accepted (cf. Glees and Wall, 1946). 
Buoy (1942) has suggested that by continuing to the thalamus, and thence 
back to the precentral cortex, these impulses complete a neuronal circuit, 
eortico-nigro-pallido-thalamo-cortical (see Chapter XV). 

Cortico-Pontine Tracts — ^As the fibers of the cerebral peduncle descend 
into the anterior hind-brain segment, they divide into several large bundles 
which inlerdigilate with the nuclei and fibers of the pons. An extensive 
projection of the cerebral cortex upon these nuclei is evident from the 
abundant fine degeneration of fibers iii the ipsilateral gray matter of 
the pons after lesions of the cerebral cortex (Simpson, 1902), and from the 
pronounced decrease in size of the fiber bundles as they pass into the bulb 
(Melius, 1899). 

]\Iuch work has been done concerning the origin and distribution of the 
cortico-pontine tracts The fronto-pontme tract (Arnold’s bundle) and 
parieto-pontinc tract (Turck’s bundle) have received most of the atten- 
tion Dejerme demonstrated that many of the cortico-pontine fibers arise 
in the precentral region, but these have been usually considered to follou 
the course of Arnold’s bundle (Wmkelman and Eckel, 1926) As recently 
as 1936, Ariens Kappors, Huber, and Crosby (p 811) stated that the 
cortico-pontine tracts “come from association areas rather than from pro- 
jection areas.” 

This neglect of the rolandic zone in the cerebro-cercbellar system is not 
warranted, as the precentral cortico-pontine tract is extensive. Experi- 
ments with the Marchi method indicate that it arises from areas 4, 4s, and 
6 and passes through the posterior limb of the internal capsule and middle 
segment of the cerebral peduncle (Levin, 1936; Verhaart and Kennarcl. 
1940) The chief difference between the portions of the tract arising in 
these areas is topical The area 4 fibers pass into the middle of the do- 
scending bundles in the {xms and terminate about the central pontine colB 
The fibers from area 4s and from area 0 are more dorsomedial and termi- 
nate more rostrally and medially m the pons. The fibers from the anterior 
portion of area 6 and area 8 arc fewer and finer than those from the rest of 
the precentral region. 

The prefrontal origin of Aniold’s bundle would seem to have been con- 
clusively settled for the monkey by the observation of Riitishiiuscr (1890) 
on the degeneration following ablation of (he anterior prefrontal region, 
well ahead of area S. He found dcmyelinization of the medial segment of 
the cerebral peduncle (Arnold’s bundle). The degeneration jiassed through 
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the anterior limb of the internal capsule and disappeared at rostral levels 
of the pons. (This study was made with Weigert’s method, which does not 
produce the artifacts frequently seen with the capricious Marchi technic.) 
From human pathologic material, Monakow (1905) also considered an 
anterior prefrontal origin of Arnold's bundle, and Levin (1936) concurred 
on the basis of Marchi studies of the monkey, ^’erhaart and Kennard 
(1940) and Sunderland (1940), however, noted Marchi degeneration of the 
medial one-fourth, including the tip. of the basis pedunculi after lesions 
of area 6. 

Mention should be made of a fiber bundle which in occasional speci- 
mens passes from the bulbar pyramid around the inferior olivary nucleus 
to the pontobulbar body. Since the pontobulbar body, which is situated 
near the restiform body, is considered to represent displaced pontine 
nuclear tissue, these circumohvary fibers of the pyramid constitute an aber- 
rant cortico-pontine bundle (Swank. 1934) The precise origin of this 
bundle is unknown ; the passage via the bulbar pyramid cannot be taken 
as necessarily indicating an origin in area 4. 

Cortico-Tegmental and Cortico-Nuclear Fibers — Two routes have 
been suggested as the pathway of cortieifugal fibers to the cranial nerve 
nuclei: a bundle of fibers passing near the medial lemniscus, and isolated 
fibers passing directly from the basal fiber-mass of tlie brain stem into the 
tegmentum. 

The dorsal fibers of the peduncle, forming tlie caudal fibers of the 
stratum intermedium, continue into the pontine region at the ventral 
border of the tegmentum, medial to the medial lemniscus. Schlesinger 
(cited by Bechterew. 1899a) described this bumUe as being preserved m a 
case of syringobulbia with lemmseal degeneration, and noted its connec- 
tion with the cerebral peduncle; he assumed it to be the central afferent 
pathway of the cranial neiwcs However, most later workers have held it to 
be cortieifugal in nature. It was named descriptively the Fussschleife by 
Flechsig (1876), with vanoiis translations of this name given by others 
In man it is separated into a medial (or superficial) and a lateral (or deep) 
component. In the monkey this division is not so distinct, the fibers form- 
ing a continuous band across the width of the peduncle. Degeneration of 
this bundle in the monkey occurs with lesions of all precentral areas and 
is localized to the segment continuous with the affected portion of the 
stratum intermedium. Thus, the lateral segment, overlying Turck’s bundle, 
escapes degeneration rvhen the lesion is in the precentral region. The 
lateral of the degenerated fibers, i.e.. those derived from the middle of the 
peduncle (zone of area 4 fibers), pass laterally into the dorsolateral pontine 
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gray; the remainder continue at the tegmental border and are divided 
among both the dorsal pontine cells and the ventral tegmentum. Some of 
the fibers cross the tegmental raphe into the opposite side. The tegmental 
fibers usually disappear m Marchi preparations at the level of the trape- 
zoid body, although a slight degeneration continues m some cases into the 
bulbar lemniscus. In man the bundles have been found degenerated in 
cases of cerebral lesions (Beehterew, 1899a; Dejerine, 1901). Dejerine 
(1914) included them as the aberrant pyramidal tract which provides the 
pathway of cortico-nuclear fibers, and Papez (1940b) likewise described 
the lateral bundle as the cortico-bulbar tract. Riese (1925) felt that the 
medial fibers are derived from the cerebral cortex, but that the lateral 
bundle arises m the pallidum and passes into the tegmentum at a pontine 
level However, the relation of the lateral fibers to Turck's bundle suggests 
that these may have a common origin; more work needs to be done on 
this point 

Cortico-tegmental fibers also pass directly from the basal corticifugal 
tract into the tegmentum. In the mklbrain, a number of fibers penetrate 
the substantia nigra up to the border of the tegmentum, although they arc 
not observed to extend deeply into this region. Area 8 seems to provide 
a greater proportion of its fibers for the tegmentum than area 6 or 4. In 
the medulla oblongata, after lesions of area 4 only, scattered degencrafcil 
fibers fan out from the pyramid into tlie tegmentum of both sides. 

The importance of these two routes in the transmission of cortico- 
nuclear impulses has been widely discussed, especially in the older litera- 
ture (Sand 1903) Hoche (1898), in a study of human material with the 
Marchi method, considered that fibers to the tegmentum pass both di- 
rectly and through the lemniscal region. Dejermo (1901 and 1914) ex- 
pressed a similar opinion Monflkon (1910) and Winkler (1929) gave the 
pedunculus lemnisci, especially the medial tract, as the pathway of cortico- 
nuclear fibers to the eyes, face, etc In the monkey, Minkowski (1923-1924) 
and Verhaart and Kennard (1940) felt that the tegmental bundle is es- 
sentially an aberrant cortico-pontme tract. Kosaka (1901) and Hirasawa 
and Kariya (1936) described cortico-nuclear fibers leaving the basal patli- 
way at the levels of the cranial ner\'e nuclei; they were not certain whether 
the lemmscal fibers are central cranial nerve fibers or a cortical extra- 
pyramidal tract In the studies of Ixivin (193G) it scorned fairly clear that 
fibers pass into the tegmentum from the pes lemniscus, although otliers 
also pass ventrally into the jiontine nucleus; in addition direct eortico- 
tpgincntal fibers leave at mesencephalic and bulbar levels Mo^t workers 
have agrecfl with the observation of Simpson and Jolly (1907) that the 
fibers to the tegmentum seem to (crininate ventral to the cranial nerve 
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nuclei. Contact ^\ith the final common pathway is probably effected by 
means of intercalated neurons. 

McCulloch, Graf, and Magoun (1946) demonstrated a direct projection 
of area 4s upon the medial bulbar reticular substance by detecting triphasic 
potentials here following cortical strjThmnization. In this way the pre- 
central cortex may control the motor inhibitory region of the bulbar teg- 
mentum revealed by Magoun and Rhmes (1945). 

Cortico- Spinal Tract — When it reaches the medulla oblongata, the 
corticifugal mass has been markedly reduced in size, forming the pyramid 
at this level. It is quite evident from this reduction that what now may be 
called the “pyramidal tract ' forms only a relatively small part of the total 
cortical projection, approximately equal in extent to the cortico-pontine 
and cortico-nigral tracts from the precentral region. It has been intimately 
mixed nnth these and the other corticifugal tracts from the motor area m 
the posterior limb of the internal capsule and in the middle segment of the 
cerebral peduncle and longitudinal bundles of the pons. 

The cortico-spinal tract continues almost unchanged in size through 
the medulla oblongata, as the number of cortico-bulbar fibers that leave 
at this level is small. At the pyramidal decussation the bulk of this tract 
crosses into the opposite lateral funiculus and forms the crossed lateral 
pyramidal tract. Of the ipsilateral fibers, some descend m the anteromedial 
white column as the ventral uncrossed tract while the others mingle with 
the crossed fibers from the opposite cerebral hemisphere as the uncrossed 
contingent of the lateral corfico-spinal tract (Fulton and Sheehan, 1935). 
In the monkey, the proportions of these three divisions are: lateral crossed 
fibers, 85%; lateral uncrossed. 12% ; anterior uncrossed. 3%. In man the 
number of pyramidal fibers which decussate is said to vary between 75 and 
90 per cent; the anterior uncros-sed tract seems usually more extensive 
than in the monkey. 

In the spinal cord of higher mammals, the cortico-spmal fibers can be 
followed into the lowest sacral levels Marchi preparations show a fine 
stippling of the intermediate lateral zone of the spinal gray adjacent to 
both the crossed and the uncrossed lateral pyramidal tracts Degenerated 
axonal endings are also seen in this region (Hoff and Hoff. 1934). In the 
monkey, with few ventral pjTainidal fibers, the anterior horns show no 
degenerative change. This is comparable to the lack of degeneration of 
cortico-nuclear fibers in the region of cranial ners’e nuclei, and one may 
here also suppose that the pyramidal fibers terminate upon intercalated 
cells. 

The classical studies of Holmes and May (1909). on the retrograde 
cell degeneration in the cerebral cortex following hemisection of the spinal 
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cord, demonstrate the origin of the cortico-spinal tract in area 4y, in the 
giant and large pyramidal-shaped cells of Betz. Neuropathologie study of 
certain diseases of the motor system, such as amyotrophic lateral sclerosis, 
has suggested the possibility of a more extensive origin of this tract 
(Monakow, 1914; Schroder, 1914; etc.). Keiinard (1935), with the Alarchi 
method, and Hoff (1935), with the demonstration of altered axonal end- 
ings, suggested a spinal projection from area 6, but the later Marchi 
studies of Verhaart and Kennard (1940) disagreed. Mmckler, Klemme, and 
Minckler (1944) showed a rather heavy degenerated bundle descending 
from a surgical lesion of area 6 in man, passing through the pyramid into 
the spinal cord, and Hines (1943) traced cortico-spinal fibers also from 
area 4s. Utilizing the method of retrograde cell degeneration after high 
cervical heniisection of the spinal cord, Levin and Bradford (1938) found 
m Macaca radiata changes characteristic of primary irritation in infra- 
granular cells, mostly in area 4, with a smaller number of specifically altered 
cells m areas 5, 3, and 2, and suggestively also in area 1. (These parietal 
changes were confirmed by Kennard, 1938a.) Counts of degenerated cells 
suggested that area 4 funnshes 80% of the cortico-spinal fibers. No retro- 
grade degeneration was seen in the cells of areas 4s and 6. Study of the 
myelinated fiber content of the pyramid follouing frontal lobectomy m the 
monkey demonstrated persistence of heavy fibers in the lateral one-tenth 
and numerous fine fibers scattered throughout the tract The heavy fibers, 
situated lateral to the degenerated precentral fibers, may be presumed to 
have their origin posterior to the central sulcus, m accordance with the 
topical arrangement of the corlicifugal tracts; this was corroborated by 
Pcele (1942c). 

The persistence of numerous fine fibers throughout the pyramid after 
frontal decortication raises the question of a subcortical origin of a portion 
of the pyramidal tract In 1914 Monakow stated that complete pyramidal 
degeneration does not occur with purely cortical lesions, but is present only 
when there is extensive destruction of the internal capsule and striatum. 
More recently Hagg(}uist (1937) diowed that only one-sixth oi the fibers 
the pyramid, especially the medium and thick ones, disappear after abla- 
tion of the precentral cortex. Lassek (1942c) studied also the effect of 
parietal lesions. Destruction of area 4 alone resulted m an average lo^s of 
33% of the pyramidal fibers; when the lesion included also the postcentral 
region the fiber loss averaged 48%; and when only the parietal cortex was 
destroyed, there wore 14% less fibers in the ipsilateral pyramid than in the 
contralateral. Lassek’s findings thus indicate a greater contribution of the 
cortex to the pyramidal tract than does Haggquist’s. and they al«o may he 
taken to confirm the origin of a part of the cortico-'-pinal tract m po'-l- 
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rolandic areas, although the author was doubtful of this component. Al- 
though Swank (193G) found that decortication in the rabbit does not lead 
to total pjTamidal degeneration unless the lenticular nucleus be damaged, 
recent studies on the monkey (Mettler, 1944) and man (Lassek and Evans, 
1945) indicate a cortical origin for all pyramidal fibers, unmyelinated as 
well as myelinated. Lassek and Evans studied cases of hemispherectomy 
for tumor in which the basal ganglia were spared, but in their case with 
sufficient survival for complete degeneration, the tumor had invided the 
basal ganglia and midbrain. Much work needs yet be done in an analysis 
of the origin of the fine fibers.® 

As a result of the pathologic studies of Schroder (1914), Davison (1937. 
1941), and others, and the experiments of Tower (1940) and Lassek 
(1942a). it has been inferred that the central portion of the cortico-spinal 
axon with its myelin sheath persists after transection at or below the level 
of the pyramid. It should be recalled that the pyramitlal fibers intermingle 
with the numerous cxtrapyramidal fibers from area 4 and to a lesser evtent 
with those from areas 4s and 0. They are. so to speak diluted by the fibers 
terminating above the bnlbar level; cortico-spinal fibers appear as a well- 
defined tract only after the other fiber systems have been "filtered” out 
at higher levels. Purely cortico-spinal fiber degeneration in the cerebral 
peduncle or internal capsule would thus result not in a focal loss of nerve 
fibers, but rather in a quantitative reduction in the number of fibers, if 
this could accurately be estimated. A slight ami diffuse astrocytosis might 
bo the only demonstrable clue to a healed retrograde degeneration. 

Prepyramidal collaterals of the cortico-spinal fibers have been impli- 
cated as the basis of preservation of the central segment of these fibers 
after pyramidal section (Tower. 1940) Howeier. studies with the method 
of retrograde cell degeneration arc not m accord with this view. Hemi- 
section at a rostral level of the pons, interrupting the fibers both to the 
pons and spinal cord, caused an axonal reaction in the medium and small 
pyramidal cells of areas 4 ami 4s. leaving the giant and large p 3 Tamidal 
cells in several cases (with appropriate survival periods) appearing quite 
normal (Levin and Hayashi. to be published) These results are to be con- 
trasted with the effects of lesions of the cortico-spinal tract alone, by hemi- 
section of the spinal cord. Here the reaction is limited to the giant and 
large pyramidal cells, and does not extend into area 4s (Levin and Brad- 
ford, 1938). It may be concluded that the precentral projections to the 
pontine nuclei and to the spinal cord comprise distinct neuronal systems, 
differing in both the size and the distribution of the cells of origin. 

’Soo aNo Chii’trr VI for .a di-cii-Mon of flic lomptHifion of iho 
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Association and Commissural Fibers 

The areas of the precentral region send numerous fibers to cortical areas 
in both cerebral hemispheres. Minkowski (1923-1024) divided the pre- 
central association pathways into several groups: proper fibers connecting 
different areas of the precentral gyrus; mtralobar fibers to the prefrontal 
region; and long association fibers to the parietal region and the first lim- 
bic convolution. In addition to these he noted commissural fibers passing 
through the corpus callosum to the opposite precentral and postcentral 
gyri (homogyric and heterogyric callosal fibers, respectu^ely) , in agreement 
with van Valkenburg (1913). Aricns Kappers, Huber, and Crosby (1936) 
and Mettler (1935b) mention also long association fibers to temporal and 
occipital regions. However, Bailey, Carol, and McCulloch (1941b) and 
McCulloch and Carol (1941b) were unable physiologically to demonstrate 
commissural fibers from area 4, except from the “trunk,” “neck,” and 
“face” areas in the chimpanzee and in the monkey. 

Summary 

The efferent fibers from all areas of the precentral cortex follow a 
similar pathway through the posterior limb of the internal capsule and 
cerebral peduncle. They pass in small numbers to the striatum, thalamus, 
zona incerta, and red nucleus. The projection upon the substantia mgra 
and pons is more extensive. The cortico-sprnal tract from the precentral 
region arises exclusively in the motor area proper, area 4. Apart from this 
fiber tract, the differences between the projection systems of the precentral 
areas are mainly corticotopic, the fibers from the anterior areas being ar- 
ranged more medially in the corticifugal pathway; m addition, the fibers 
from area 8 and the anterior part of area 6 are fewer and finer than those 
from the posterior areas of this region. 
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THE PYRAMIDAL TRACT 

DEFINITION AND STRUCTURE 

O RIGINAL USAGE designated as “pyramidar' the fibers which 
make up the bulk of the medullao' pyramids. When, in 1851, 
Turck first employed the term “Pyrainidenstrang’' he recognized 
the cortical origin of some of the fibers, but as late as 1876 Flechsig justi- 
fied its use as not implying origin. In succeethng rlecades the application of 
March! and Weigert techniques to anatomical analysis confirmed the im- 
pression that the group of fibers thus designated pyramidal is a structural 
entity. Considering myelinated fibers only, it seemed to include all the 
fibers descending from the cerebral cortex to the spinal cord but no other 
fibers to the cord. Thus "pyramidal” became synonymous with “cortico- 
spinal,” In the same period, however, the term pyramidal was also often 
extended to include tliose fibers from the cerebral cortex which bear a rela- 
tionship to the cranial motor nuclei similar to that of the corticospinal 
fibers to the cord. And this seems reasonable. Currently, therefore, the term 
“pyramidal” may be employed in the restncletl sense of corticospinal, or m 
the larger sense described, usually without leading to confusion. 

Recently this simple concept of the composition of the pyramidal tract 
has become questionable, largely through the application of silver tech- 
nique to the study of its fiber composition. From tune to time it has been 
suggested that the medullary pyramids may contain fibers of other than 
cortical origin (von Monakow. 1915; Swank. 1936). These were studies 
with myelin stains. In another direction, McKibben and Wheehs reported 
in 1932 that unmyelinated fibers make up a large proportion of the 
medullar}' pyramids in the cat. a statement which should have received 
more consideration than it did. It remained for Lassek (1940, 1941, 1942) 
and Lassek and Rasmussen (1939) to open the new inquiry effectively. 

Applying, for the critical part, silver technique and painstaking nu- 
merical assay. Lassek and Rasmussen (1939) first showed that the human 
medullaiy p}Tamul. like that of the cal. is made up in large part of un- 
myelinated fibers. The human pyramid contains rouglily about a million 
nerve fibers just rostral to the decussation (half a inilhou \u the rhesus 
monkey), of nhich roughly 61 per cent are myelinated and the remainder 
unmyelinated. Moreover, of the myelinated fibers the great majority. 89.57 
per cent, are small. 1 to 4 in diameter, and only 1.75 per cent are of large 
calibre, 11 to 22 fi. Lassek (1942b) calculated that there are in the human 
pyramidal tract about 30,000 fibers with a diameter of from 9 to 22 /i. Since 
it is the 10 per cent of fibers with a diameter of 5 and over nhich make 
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up the pyramidal tract as it has ordinarily been considered, and which show 
up in routine Weigert and Marchi preparations, this work of Lassek and of 
Lassek and Rasmussen clearly poses the question, whether we can con- 
tinue to consider as one tract the bulk of fibers which makes up the 
medullary pyramids. What is the origin, course, termination, and function 
of the horde of small fibers, and especially of the unmyelinated com- 
ponent? Have they sufficient in common with the large fibers, for which 
these facts are more or less known, to be grouped together as the pyramidal 
tract? 

Origin 

The question of origin is most crucial. The cortical origin of the pyram- 
idal tract has been a subject of much investigation, using both retro- 
grade cell changes in the cortex after lesion to the tract below, and Marchi 
or Weigert studies after lesions in parts of the cerebral cortex. The first 
type of study (Holmes and May, 1909) showed unquestionably that the 
giant cells of Betz, which chiefly characterize Brodmann’s area 4 of the 
cerebral cortex, contribute their fibers to the pyramidal tract. Lassek (1940, 
1942a) has, perhaps, said the last word on this subject. He showed that in 
man there are about 34,000 cells in area 4 of one side, of 900 to 4,100 square 
microns diameter, whicli correlates significantly with the 30,000 fibers of 
9 to 22 M diameter in one pyramid Assuming that one cell contributes only 
one fiber to the tract, the Betz cells may be considered to give rise to 2 to 
3 per cent of the fibers of one pyramid; probably to all the fibers of 9 
diameter and over, Lassek further showed (1942c) that ablation of area 4 
in the monkey, besides virtually eliminating the 2 to 3 per cent of large 
fibers in the pyramid, also reduced the total fiber count by 27 to 40 per cent 
Therefore, area 4 must also contribute a much larger number of smaller 
fibers, presumably from smaller cells. Unfortunately these area 4 ablations 
were not adequately checked histologically to ensure their completeness, 
especially medially, so that it is not certain that the remaining GO to 73 
per cent of the fibers of the pyramidal tract all arise outside area 4. ‘None- 
theless. a fairly liigh proportion of them must have other origin. 

Tliat the pyramidal tract contains fibers deriving from parts of the 
cortex other than area 4 has long been recognized, but the questions are; 
how extensive an area, and where, and how many fibers? We now know 
that retrograde clianges in cells, either chroinatolysis or atrophy, arc ac- 
ceptable evidence of a positive relationship of colls examined to fibers 
damaged, but that the absence of visible changes does not prove that the 
cells examined had no connection with the fibers interrupted. Conclusions 
deru ed from the absence of chromatolj’sis are invaliil. Considering positi\ e 
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evidence only. Levin and Bradford (193S) found in the macaque monkey, 
in addition to the usual cell changes in area 4. unmistakable changes in 
areas 3, 1, 2, and 5 of the parietal lobe, following hemisection of the spinal 
cord, but they found no clear-cut changes anterior to area 4. They estimate 
that almost 20 per cent of the pyramidal tract may arise postcentrally. 

Studies of fiber degeneration are fairly well in line with these cell 
studies. Speaking of the monkey, for which a great deal more is knouni 
than for the human, a parietal contribution to the corticospinal tract is now 
unquestionable. Minkowski (1924). Uesugi (1937), and Peele (1942a, b) 
have all described it, using Weigert or Marchi stain. Peele’s studies give it 
a most extensive origin, from everj' parietal area. 3. 1. 2. 5. and 7. Fibers 
are most numerous from 3 and 7. Pcele's novel and illuminating view of 
the possible function of these fibers will be considered later. Lassek 
(1942c). on the contrar}', tends to minimize the parietal contribution; his 
largest combined pre- and postcentral ablation reduced the fibers of the 
pyramid by as much as 50 per cent, compared with 27 to 40 per cent after 
area 4 ablations. 

Since the publication by Verhaart and Kennard (1940). revising Ken- 
nard’s (1935) previous statements, there is now virtual unanimity of 
opinion that the cortex forward of area 4 contributes no medullated fibers 
to the corticospinal tract in the monkey. The studies of Hoff (1935) and 
of Hoff and Hoff (1934). made in the same laboratory, were apparently sub- 
ject to the same error as Kennard's. and. if so. are subject to the same 
revision. The error consisted in misjudging the border between areas 4 and 
0 (see Hines, 1930). in consequence of which the cortical ablations ex- 
tended posteriorly into area 4 Prior work of Mettler (1935) and Levin 
(1930) had already established our present conception. As previously 
noted, retrograde cell changes have also not been detected forward of area 
4 in the monkey. There are, as yet. no axis cylinder studies following cor- 
tical ablation of area 0. or 0 and 4. to indicate whether or not unmyelinated 
fibers leave area 6 via the pyrainiilal tracts. 

Very little evidence is available for the human on contributions to 
the pjTamidal tract from parts of the cortex other than area 4, even though 
cortical surgery must often have provide<l suitable material. Foerster 
(1923) gives the origin as pre- and postcentral, but quotes von IMonakow 
as believing that the tract has a wider origin over the parietal lobe. There 
is no assurance that the human conforms with the monkey in the origin of 
the tract, and some reason why it should not. Since pyramidal function has 
clearly assume<l a greater and greater role in total motor function in the 
course of primate evolution, it might be expected that the pyramidal tract 
would correspondingly extend its domain of origin. In man electrical stimu- 
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lation of the entire length of the precentral gyrus gives rise to discrete 
movements which are universally considered a function of the pyramidal 
tract. Yet in its lou er reaches, at least, the Betz cell cortex is often buried in 
the central fissure (Putnam, 1940b). Foerster (1936b) has argued that such 
responses from what he refers to as area Gao (but what is in this monograph 
called area 4a) are mediated transcortically to area 4, and executed through 
it. Foerster’s statements on this point are not adequately docuineiited 
Furthermore, his confusion of this area, in accordance with the maps of 
the Vogts, with area Gao- (see also pp 5 and 45 to 51 ) raises doubts as to the 
significance of his obsen'ations. In the one instance in which human 
material was examined for degenerating fibers following a premotor abla- 
tion (MincUer, Klemme, and Minckler, 1944), such fibers w’ere found by 
Marchi method descending via the pyramid to the anterior white column 
of the same side of the spinal cord. Investigators of retrograde cell changes 
in area 6 following pyramidal lesions are not in agreement (Schroder, 1914; 
Wohlfahrt, 1932). Again, more and better evidence is needed. 

As the evidence stands, areas 4, 3, 1, 2. 5, and 7 have been shown to 
contribute fibers to the pyramidal tract in the monkey, area 4, an in- 
definite portion of the parietal lobe, and probably area 6 in the human. 
No other portions of the cortex are currently even suspect of such con- 
tribution. Yet the largest of Lassek’s (1942c) fronto-parietal ablations left 
50 per cent of the fibers of the pyramid intact. What is the origin of these 
fibers? For the monkey, at least, it can be said with certainty that all fibers 
running lengthwise in the medullary pyramids are descending fibers 
(Tower, unpublished). BodiaiYs silver stain was applied to sections taken 
from above the decussation of the pyramids in a monkey in which the right 
pyramidal tract had been neatly severed at the trapezoid level 32 months 
before. The much atrophierl right pyramid (shown grossly and m Weigert 
preparations, Tower, 1940) included the usual small bundles of transversely 
coursing internal arcuate fibers, which in the monkey swing down into tlie 
bed of the pyramids, but included no fibers, large or small, running Iciigtli- 
wise Moreover, uoue of these desceudiug fibers is of infrapallial origin. 
When itiettler (1944) applied silver staining to sections of the mediillae 
of monkeys surviving removal of all cerebral cortex, with and witliout re- 
moval of parts of the basal ganglia, he fouiul no fibers remaining in the 
pyramids. Similar study by I.assek and Fvans (1945) of the medullary 
pyramids from a human who survived virtually complete hcmidecortica- 
tiou for 11 montiis, tlie insula only being spared, siiowed the transversely 
coursing arcuate fibers seen in theinonkej’.but only scattered fibers running 
longitiidmally. “insignificant in number.” And finally, a silver study by 
Marburg and Mettler (1943) of an auencephahe human (8 montlis gesta- 
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tion) in which the telencephalon was largely replaced by a cyst, with only 
small portions of neural tissue grossly identifiable, showed in the well- 
formed lower brain stem, no sign of the decussation of the pyramids or 
of the fibers of the pyramids, themselves. 

Scant as this evidence is. and as yet not all adequately documented with 
detail and plates, it seems enough to prove that the pyramidal tract is 
constituted entirely of descending fibers, and almost as certainly that these 
fibers derive only from the cerebral cortex. Since only about 50 per cent 
of the pyramidal fibers can be accounted for at present as arising m the 
precentral legion and the parietal lobes, a new search will have to be made 
for tlie cortical origin of the other 50 per cent. Cajal (1900) may have 
offered a lead in a description he gave of the manner of termination of 
certain large fibers of the pj'ramidal bundles within the pons (probably of 
the mouse) These large fibers, which presumably would be myelinated, 
bifurcate, he says, into large and small, coarse and fine fibers The large 
branches then terminate in pontine nuclei, whereas the small, and possibly 
unmyelinated fibers, continue their course with the pjTamidal fascicle into 
the medulla oblongata. Sucli fibers, so far as our knowledge goes, might 
arise anywhere in the cortex where corticopontine fibers arise, in the 
frontal, parietal, occipital, or temporal lobes If unmyelinated, they would 
not have been detected in any fiber studies yet made, except Lassek's 
(1942c) on the parietal lobe This leaves unexplored possible temporal and 
occipital origin and frontal origin anterior to areas 4 and 0 It is unlikely 
that severing the fine fibers only, with the large brancli intact, would induce 
retrograde cell changes, so only fiber stiwlies may be applicable in a future 
attack on this problem. 

Reconsidering the evidence it is now clear that a new outlook is re- 
quired on the nature and potentialities of the pyramidal tract.' Certainly 
it is not the simple motor patlmay from the large cells of the precentral 
gxTus to the cord that it was so long considered. Xor may “pyramidal” 
continue to be synonymous with “corticospinal.” It is even possible that 
the tract may not be entirely motor. With the probability looming that a 
considerable proportion of the corticospinal fibers arises outside the mam 
motor area, and some from parts of the cortex which ex-ercise little or no 
known motor function, Pccle’s (1042b) suggestion that the component of 
corticospinal fibers from the parietal lobe might be considered, as others 
have considered the corticothalamic fibers, as a sensitization mechanism 
for cord sensory neurons, merits experimental investigation and serious 
consideration In the end it may be necessary to redefine the pyramidal 
tract. 


' Wal'hc (lfU2) m a «timui.jtinB atnl cnlical review has oimtl.v conlribiilf'd lo thi- 
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Course 

The fibers descending from the cerebral cortex to the spinal cord in the 
corticospinal or pyramidal tract are nowhere found as a completely segre- 
gated bundle, but in the medullary pyramids the admixture of other fibers 
is minimal Some bundles of fibers of the arcuate systems usually cross the 
strand transversely, and various components of the corticobulbar system 
of fibers are present, depending on the level of the pyramid under con- 
sideration, but otherwise it is unadulterated, so far as is known. Above the 
pyramids, however, the corticospinal fibers are associated with othei 
descending cortical systems bound for termini in the brain stem. A rough 
estimate of the dilution of pyramidal fibers by nonpyramidal fibers may 
be obtained by comparing the cross section of the area ascribed to the 
pyramidal fascicle in the internal capsule and basis peduncle with the cross 
sectional area of the medullary pyramids. The dilution obviously dimin- 
ishes with descent of the brain-stem, and very sharply in the passage 
through the pons. Fiber counts, however, would obviate the possible errors 
in this estimate stemming from changing fiber size and variable density 
of packing Descending fibers from cortical and subcortical levels inter- 
mingle in the cord, and mix generally with the proprius system of the cord, 
and to a lesser extent with ascending sensory systems So-called pyramidal 
lesions, when lodged either above the pyramids or in the cord, are, there- 
fore, necessarily complicated by lesion of these other systems. 

In their course through the brain-stem down to the pyramids, the 
pyramidal fibers are believed to give off collaterals, but inasmuch as tlie 
pyramidal fibers cannot be distinguished individually from the accompany- 
ing extrapyramidal fibers, it is not certain what fibers give off what collat- 
erals until the corticospinal group becomes fairly condensed in its passage 
through the pons. Collaterals, suspected or described, pass off to the stri- 
atum, to the substantia nigra, and to the reticular formation of the upper 
braiii-stem. The pontine collaterals arc unquestioned and numerous 
Whether further collaterals are given off in the bulbar course of the tract 
IS not clear. Cajal mice, desmbes dt figures tbem iu a 

number of places (pp. 913, 957), but states (p. 890) that the pyramidal 
fibers do not give off a single collateral in their bulbar course. Corticobul- 
bar fibers, swinging out of the pyramids, must be distinguished from col- 
laterals. Xuinerous anomalies have been described for the cat and man 
111 the course of parts or the whole of the pyramidal tract, but tho«e cannot 
be detailed here. 

At tlie lower end of the medulla oblongata the pyramidal tract of each 
side breaks up into two or three groups of fibers, the largest of which de- 
cussate and pass into the lateral white columns of the opposite sides of the 
cord The degree of (lecu«sation is more variable in the human brain, cx- 
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aininecl grossly, than in the brains of other primates, or of cats. Flechsig 
(1876) found in his series of human brains some with large lateral and 
negligible anterior pyramidal tracts and others with large anterior and 
small, though never absent, lateral tracts. In one e.xtreme case there was 
no gross decussation at all, although some lateral tract was detectable in 
sections; in another, there was apparent total decussation. Correlating 
with the first case, Zenner (1S9S) reported a case of hemiplegia in which 
both the lesion and the paralysis were on the left side, and in which, at 
autopsy, the pyramids appeared uncrossed. 

Scattered observations by Marchi technique on human cords, after 
cortical or capsular lesion, indicate that the human usually possesses a 
large crossed lateral bundle, a small uncrossed lateral bundle, and an ex- 
ceedingly variable uncrossed anterior bundle of pyramidal fibers. The last 
usually terminates in the cervical or thoracic region, whereas the first runs 
tlio length of the cord, as may (he uncrossed lateral tract. The various 
bundles have been more thoroughly examined in the lower primates, and 
similar components found (Fulton and Sheehan. 1035). 

Considerable attention has been devoted to a possible topographical 
arrangement of fibers within the pyramidal tract at different level's. 
Foerster (193Ga) illustrates his work with a diagram of the cord arrange- 
ment; leg fibers, lateral or superficial; and arm fibers, medial or deep; but 
nowhere does he give the evidence supporting this concept Those who have 
looked into the matter more thoroughly have concentrated on the brain- 
stem. peduncles, and pyramids. Working on man. Brouwer (1917). Fischer 
(1905). Hoche (1900). and van Valkenburg (1913) all reported little or no 
evidence of such segregation at the level of the pyramid. In the monkey. 
Peele (1942b) found fibers of parietal origin scattered ventrolateral in the 
p 3 Taiiiid. Again in the monkey (Tower, unpublished work), a senes of 
three carefully controlled partial sections of a medullary pyramid, one of 
the lateral half, one of the medial half, and one of the full width to half 
the depth, showed bj’ the similarity of the functional defect in every case 
that fibers for each part of the opposite side of the body must be generally 
distributed through the pyramid. In the monkey, therefore, and in man. 
there appears to be no topographical arrangement of corticospinal fibers at 
the pjTamid level The possibility of segregation m the cord remains to 
be explored for both species. 

Termination 

The corticospinal fibers are generally believed to terminate in the 
deeper parts of the dorsal horn or the intermediate gray matter of the 
spinal cord. Marchi technique shows the fibers swinging into this region. 



158 


The Precentral Motor Cortex 


Rasdolsky (1923) applied a technique of light green-fuchsiii staining, 
nhich, he asserts, will stain degenerating nerve fibers electively to their 
ends, and illustrated the termination of degenerating descending systems 
entirely iii this region following motor cortex ablation or hemisection of 
the cord in dogs. This work needs confirmation. Hoff (1932, 1935) and 
Hoff and Hoff (1934) have applied Cajal's reduced silver method to the 
study of button terminals degenerating m consequence of cortical ablation 
in cats, monkeys, and chimpanzees. They found the degenerating terminals 
numerous not only on cells in the intermediate grey zone and at the base 
of the dorsal horn, but some also on ventral horn cells in all species. De- 
generating buttons were found in all species on both sides of the cord, in 
both sites, from unilateral cortical lesions. They concluded that the usual 
terminal of the pyramidal tract fiber is on an internuncial neuron. 

Summary 

The pyramidal tract, as usually conceived, consists of the bulk of the 
nerve fibers making up the medullary pyramids. These fibers are, ^\ithout 
exception, descending fibers, and almost certainly of cortical origin. They 
are corticospinal and corticobulbar fibers Very nearly all the large fibers, 
and at least 50 per cent of all the fibers in (ho pyramids originate in the 
precentral region and the parietal lobe. This is the best known group of 
fibers in the pyramids. Where the remaining 50 per cent of fibers arises is 
not known. Through the decussation, most of the pyramidal tract is brought 
into relation with cells on the opposite side of the cord, and chiefly with 
mternuiicial neurons, not motor horn cells Uncrossed bundles, however, 
pass in the lateral and ventral funiculi to the same side of the cord. 

FUNCTION 

Our first insight into the function of the pyramidal tracts came from con- 
sidering hemiplegia in man. Tiirck's three papers (1850, 1851, and 1854) 
are a good exaruplc of the growth of uuderatanding, which resulted as soon 
as anatomical examination was coordinated with clinical observation. 
In the first paper Turck noted the crossed relationship between a cap- 
sular lesion (3 cases) and the resulting paralysis, but did not consider 
the fiber tracts iruoUed. The second, and most important paper, described 
the course of the degenerating tract from the site of lesion, whieli in his 
now enlarged series of cases was sometimes cortical, sometimes capsular, 
ami sometimes m the cord, through the brain-^stem and cord. He applied 
the terms “Pyramideii-<=trang’' and "Pyramiden-ceiten-strang'’ (o the re- 
‘•pective parts. Turck postulalcrl that this “straiig*’ carries motor iinpuKe«. 
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but pointed out that the paralysis following its destruction is incomplete, 
and he considered the possible existence of other descending systems. In 
the third paper he added the obscn-ation that lesions in the caudate and 
lentiform nuclei which do not injure the internal capsule, and also small 
thalamic lesions, produce no alterations in the cord (judged, apparently, 
from fresh sections). Cortical lesions, he added, may or may not result in 
massive cord degeneration. 

Hughlings Jackson’s profound analysis of epileptiform and other neu- 
rological disorders contributed two concepts. The first was the concept of 
localized and somatotopically organized control of movement in the cere- 
bral cortc.v. The second concept postulated a hierarchy of motor control in 
the neural axis ranging upward from most automatic-least voluntary to 
most voluntary-least automatic. .\s soon as the stimulating electrode was 
applied to the cerebral cortex by Fritsch and Hitzig (1870). the resulting 
demonstration of somatotopically organized foci for the control of move- 
ment at once confirmed Jackson *s first postulate and opened the era of 
direct experimentation upon the cortical control of movement and upon 
the functions of the pyramulal tract. 

In primates the foci from which muscular mo^cments can be elicited 
by electrical stimulation of the pyramidal tract are disposed in dorso- 
medial-ventrolateral order, anterior to the central fissure. The most caudal 
representation is on the mesial surface of the hemisphere, and the face, 
tongue, etc. are most ventrolateral A segmental arrangement is roughly 
followed, but '\^'oolsey. Marshall, and Bard (1942). by minute examination, 
have found a significant departure from the accepted order m monkeys, a 
departure uhich corresponds with a more thoroughly analyzed departure 
from simple segmental arrangement in the postcentral sensory cortex. 

For good reasons the human cortex is less thoroughly known by elec- 
trical stimulation than is that of the monkey or chimpanzee. In the first 
place the total picture must be put together from stimulation of a large 
rmiTiber of infihncluals rather than irom exhaustive stimuiation of a few. 
In the second place, much of the Betz cell cortex is buried in the central 
fissure where it can be stimulated in an experimental animal without too 
great difficulty but where it has rarely been stimulated in man. Or. it lies 
on the mesial surface where it is also not easily accessible (Scarff, 1940). 

The most intensive examinations of the movements resulting from 
electrical stimulation of the human cerebral cortex have been those made 
by Foerster (1936b) and by Penfield and Boldrey (1937). The latter is 
especially significant because it assembles and analyzes only results uncom- 
plicated by epileptiform phenomena. Leyton and Sherrington (1917). 
Hines (1940), and Dusscr de Barenne, Carol, and McCulloch (1941) have 
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done the most thorough work on the chimpanzee. Numerous investigators 
have worked wnth monkeys, but the work of the Vogts (1919) has perhaps 
been outstanding. No attempt will be made to analyze the detail of 
somatotopic organization in the cerebral cortex. It is too well known. All 
I wash to do is to call attention to some characteristics of the response. 

With minimal current and without prior stimulation, the responses 
obtained from a given cortical point prove to be quite constant. The con- 
traction may involve greater or lesser parts of single muscles or of muscle 
groups, but the result is alw’ays spoken of as a movement because of the 
orderliness w'hich characterizes the w'hole. How' well integrated the move- 
ment is, is a function of experimental conditions. In deep anaesthesia, 
W’hen no tone is present in the musculature, contraction is the only pos- 
sible result, and integration is therefore evident only in the location, 
timing, and extent of contraction. With anaesthesia light enough to permit 
sustained tome innervation in the musculature, reciprocally integrated 
relaxation and contraction are always demonstrable. Hering and Sherring- 
ton (1897) were among the first to study this relationship, followed more 
thoroughly by Graham Brown and Sherrington (1912) and by Cooper and 
Denny-Brown (1927). The cortical foci are, however, by no means unmocli- 
fiable in their responses Immediately precedent activity, cither at the 
cortical level or m the spinal cord, may modify the unconditioned response, 
to reinforce it, weaken it, or reverse it completely. The paper of Graham 
Brown and Sherrington referred to is largely devoted to examining this 
instability of a cortical point. Although much of this lability may be ex- 
pected to derive from the complexity of cortical organization, that is, to bo 
intracortical, the fact that previous or concurrent activity at the segmental 
level may also modify the result of cortical action indicates that activity 
projected from the cortex is far from being predetermined. The single 
pyramidal fiber may, therefore, carry impulses capable of producing a 
variety of effects, depending on other factors With partial pyramidal 
lesions such as are usual in man this may well be the basis for the frequent 
and remarkable recoveries of function. 

After decades of unquestioned assumption, it would seem superfluous 
to prove that the topically organized control of movement exercised from 
the cerebral cortex is executed by the pyramidal tract. But when that 
assumption was put to the test, incidental to experiments for the study of 
nonpyramidal cortical action, it proved to be subject to some reservation. 
Severing one or both mcdullarj' pyramids, preferably both, eliminates cor- 
ticospinal or pyramidal action from the related cortex, and all responses 
in neck, trunk, and extremities then obtaiiieel from the cortex are, by defi- 
nition extrapyraniidal. lf-(!ie cortex is stimulated both before and after 



The Pyramidal Tract 


161 


severing the pyramids, the pyramidal contribution to the total response 
may be assayed. Proceeding in this manner with a large series of acute and 
chronic bilateral pyramidal sections in cats (Tower, 1936). and another 
series in monkeys (Touer and Hmes. unpublished), the proof has been 
furnished that somatotopically organized control of discrete movement is 
a function of the pyramidal tract; it is completely eliminated from the 
cortex by section of the pyramid. This is confirmed by the functional loss 
in animals or men surviving such lesions. However, the extrapyramidal 
activity which is peculiar to area 4, and remains excitable after both 
pyramids arc cut. is also organized somatotopically; but both the move- 
ments produced and the organization are on a large scale of distribution. 
The extrapyramidal activity characteristic of area 6 is not so organized. 
Not somatotopic organization primarily, but organization for discrete con- 
trol of movement characterizes the cortical arrangements for pyramidal 
function. Stimulation of the human cortex after destruction of the pyram- 
idal tract in the internal capsule has similarly shonn (Foerster. 1936b) 
that discrete control of movement is abolished, without leaving any evi- 
dence of somatotopically organized extrapyramidal action. But a capsular 
lesion of extent sufficient to destroy the pyramidal tract must also destroy 
much of the extrapyramidal projection systems as well, certainly all those 
deriving from area 4. This being the case, the results of subsequent cortical 
stimulation cannot be interpreted, in their departures from the normal, as 
a measure solely of pyramidal function, any more than the disorder ex- 
hibited by the surviving individual can be considered a pure pjTamidal 
defect. The spasticity attending capsular lesions, now recognized as an 
extrapyramidal symptom (Hines. 1937), is the clearest evidence of the 
error of such thinking. 

The direct approach to the function of the pyramidal tracts by elec- 
trical stimulation of their cortical origin creates a picture somewhat like 
a keyboard upon which the more creative parts of the cortex, Hughlings 
Jackson's highest motor centers, may play Moreover, the unit of play, so 
to speak, is a discrete movement, combining contraction of some muscles 
and reciprocally related relaxation of other muscles. Whole muscles need 
not be involved, and parts of a number of muscles may participate in one 
movement. In general the muscles involved are located on the opposite side 
of the body, but not always. The significant cortical orientation is to the 
opposite side of the external world. And since movements with that vector 
may involve muscles located on the opposite side of the body, as is usual, 
or on the same side of the body, as is frequent with axial musculature, or 
on both sides, the cortex is provided with access through the pyramidal 
tract to the requisite muscles. The ip'silateral cortical control of the 
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sternocleidomastoid muscle is a case in point. Movements produced from 
the cortex by electrical stimulation under conditions in which only the 
pyramidal tract appears to be operating are by no means performances 
useful to the individual, although the same is not true when extrapyram- 
idal cortical action is brought into play (Tower, 1936). The responses 
impress one as the raw materials of pyramidal function, not as the ade- 
quate expression of that element in total motor function which is clearly 
the basis for the remarkably delicate and various motor performances of 
primates. 

For insight into the way in which pyramidal function participates in 
total motor function, and into the manner in which the higher levels of 
motor organization use the keyboard of the precentral gyrus, we must 
revert to indirect inquiry: observation, analysis, and interpretation of 
the symptomatology of pyramidal lesion — the original mode of attack. 
Only now we shall concentrate on the uncomplicated pyramidal lesion 
resulting from severing one or both medullary pyramids, avoiding, except 
for comparison, the combined pyramidal and extrapyramidal lesions which 
are produced by destruction in the cerebral cortex, in the cerebral white 
matter, internal capsule, basis peduncuh and pons, and the spinal cord 
Inasmuch as lesions restricted, or even relatively restricted, to one or both 
of the medullary pyramids arc exceedingly rare in man, this analysis will 
deal largely with controlled lesions deliberately produced in experimental 
animals — cats, monkeys, and chimpanzees The results of these experi- 
ments will be correlated, so far as possible, with what scattered and im- 
perfectly studied human cases are available, possibly ten in all. 

Severing the medullary pyramids is an experiment which has been 
attempted repeatedly on a variety of animals. Rothmann (1902, 1904. 
1907) tried it on monkeys and chimpanzees, and Schuller (1906) on 
monkeys. My own work with pyramidal lesion m primates has been car- 
ried out on a large series of mature and immature monkeys and a small 
group of chimpanzees, and includes, besides a published study of 10 uni- 
lateral lesions and 1 bilateral lesion in the adult monkey (Tow’cr, 1940). 
unpublished studies of pyramidal lesions in the infant monkey (3 uni- 
lateral and 1 bilateral); partial pyramidal lesions in adult monkeys (3 
deliberately incomplete and 3 accidentally so); combined pontine and 
pyramidal lesions (Tow er, 1942) ; combined tegmental and pyramid lesions 
(unpublished); and in conjunction with Dr. Hines, a study, sfill incom- 
plete. of cortical lesions superimposed on pyramidal lesions. With tlio 
exception of two monkeys still sunuving in the last study, all these lesions 
liave been \erifie(l histologically. Moreowr, all the monkeys, with the 
exception of one infant, sundved operation from 3 weeks (wlieii some were 
killed for Marchi) up to 4 years. 
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The chimpanzee study, still unpublished, was made on four animals. 
Three of these had unilateral lesions, and of these one was killed after 2 
years, and the others died 8 hours and 5 days after operation. The fourth 
animal had a very nearly complete bilateral pyramid section, and was 
killed 1 year and 8 months thereafter. All lesions were verified histo- 
logically. 

Pyramidal lesion in the monkey and cat* produces a condition which is 
best characterized as a hypotonic paresis. There is no paralysis, in the sense 
that no member or part of a member is rendered useless, but there is a grave 
and general poverty of movement, and impairment of what usage remains. 
Both the hypotonia and the paresis are far graver in the monkey than in 
the cat. 

The disorder of movement, or paresis, attacks movement or usage in 
proportion to its discriminative quality. .All fine usage is eliminated. In this 
process some whole performances, such as the opposition of thumb and 
index finger (to pick up small food objects), individual movements of any 
digit, and elevation of one shoulder (to empty the food pouch of that side) 
are eliminated. The usage which survives, be it posture, progression, fight- 
ing. or reaching-grasping. is stripped of all the finer qualities which make 
for aim. precision, and modifiability in the course of execution. These 
remaining stereotyped performances are useful still, but they are by no 
means the skilled performances of the intact animal. Inasmuch as the 
residual performances may require the most intense voluntary attention 
for their successful employment, as happens after bilateral pjTamidal 
lesion in the adult monkey (Tower. 1940). the condition cannot be called 
a complete voluntary' paresis. In other words, extrapyramidal action from 
the cortex may be employed quite as voluntarily as pyramidal action. The 
selective destruction is of the least stereotyped, most discrete, movements 
or elements in movement. 

The hypotonia of pyramidal lesions is generally but not equally dis- 
tributed throughout the bo<ly musculature from the neck down. The defect 
is demonstrable as diminished resistance to passive motion of parts, or by 
direct palpation of the muscles With a unilateral lesion, the hypotonia is 
graver in the extremities and abdomen than in the remainder of the axis, 
and in the monkey, graver in the leg than in the arm. A bilateral lesion 
extends the defect almost equally to the axial musculature without increas- 
ing the severity in the extremities, giving a measure of the functional sig- 
nificance of uncrossed pyramidal innervation and of its locus of action. 
Certain usage defects correspondinglj- make their appearance, most con- 

’A mimbcr of ob'or\er«, mo-l rpwnlh Liddell and Phillii>« (1W4), di«.igrec with the 
.mlhor concerning the re-iilt- of Ibi- le-ion in the cat 
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spicuously as inability to turn, elevate, or depress the head independently 
of the body, that is, to use the neck musculature discretely. 

Superficial reflexes, such as local reactions to pin prick, and the ab- 
dominal and cremasteric reflexes are raised in threshold or abolished ; the 
deep reflexes are correspondingly raised in threshold and become slon and 
full because they are unchecked by antagonistic contraction. The knee 
jerk is often pendular, as with cerebellar hypotonia. In the monkey the 
plantar reflex, which rarely lakes the form of a Babinski response, is also 
raised in threshold but unaltered in pattern. 

Of more special tests and performances, tonic neck reflexes have never 
been elicited Contact and visual placing reactions are absent in the paretic 
extremities, and proprioceptive placing and hopping reactions are en- 
feebled and high in threshold. The ability to hold on to objects and to 
grasp is greatly weakened in the adult monkey, but nevertheless the stere- 
otyped reachmg-grasping act is one of his most useful performances In 
circumstances in which strength is not much in demand, a conspicuous 
feature of this grasping activity is the anhnars inability to terminate it at 
will, i e., to open the hand and let go, especially so long as there is tension 
on the flexor tendons. With pyramidal lesions in infancy, which never pro- 
duce as much hypotonia and general weakness as such lesions in tlie adult 
the grasp is stronger, and the inability to let go is a practical handicap in 
climbing, ivhich the animal must circumvent. 

With unilateral pyramidal lesions in the monkey, the hand and foot on 
the side affected by the lesion are conspicuously cooler than on the normal 
side, and eiidunngly so for years, except after violent exercise, or in an 
environmental temperature of 90 degrees F. or more, or during heating 
tests for vasodilator action Analysis of (his vasomotor disorder has show ii 
(Tower, 1940) that it is probably compounded of a large deficit of tome 
excitation operating from the cortex via the pyramidal tract on the cord 
dilator mechanism, and a much smaller and usually submerged similar 
tonic deficit in the constrictor mechanism. In conse(\uence. the constrictor 
mechanism is relatively overactue, producing the continuously lower skin 
temperature, and vasomotor reflexes are sluggish and enfeebled. Tlic en- 
feeblement of vasoconstrictor action is in evidence only as failure to ciicck 
or to antagonize extreme vasodilator reactions, as after violent e\crci«c. 
and on very hot clays, or at the height of generalized reflex vasodilator 
reactions produced by heating parts of the body remote from those under 
observation. Such vasomotor disorders were not noted in the cat. the work 
on which preceded that on the monkey. If pyramidal lesion in the cal pro- 
duced any difference in skin temperature of the two sides, the (lifTcrcitcc 
was insufficient to command attention. 
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Pyramidal lesion in tlie chimpanzee likewise produces a condition of 
hypotonic paresis, but unlike the monkey and cat, in which the hypotonia 
and the paresis are about equally striking, the paresis is outstanding and 
the hypotonia more obscure. The paresis eliminates, in the chimpanzee, the 
same discrete or non-stereotj'ped elements in usage which are eliminated 
m the monkey or cat, but in proportion, the total defect is greater as these 
elements bulk larger in the total usage of that, species. Moreover, per- 
formances such as progression are much more weakened in their stereo- 
typed basis in the chimpanzee than in the monkey, as though pyramidal 
function contributes more to their execution than in the lower animals. 
Placing, hopping, and dropping reactions are abolished to all forms of 
stimulation, not merely to contact. The difficult}' of letting go, noted in the 
monkey, becomes, uith the powerful development of the flexors of the hand 
and the slight structural flexion of the terminal phalanx in chimpanzees, 
an emphatic proprioceptive reflex grasp. So long as the flexor tendons are 
under tension, the animal is unable to open his hand This presents the 
chimpanzee as he climbs or swings around his cage, with a problem w'hich 
he solves, as does the young monkey, by learning to throw his weight up 
just enough to relieve the tension, whereupon he quickly disengages the 
hand. The chimpanzee, with his weaker toe musculature, has no difficulty 
with foot grasp 

Any ex-amination of tone in an e.xperimental animal is satisfactory only 
in proportion to the degree to which a standard condition for its exami- 
nation can be established and maintained. In the cat and monkey a stand- 
ard condition of passive uncooperativeness is fairly easily obtained. The 
chimpanzee, on the contrary is extraordinarily unstable in mood, swinging 
from unmanageable uncoopierativeness to equally unmanageable coopera- 
tiveness. And the tone in normal musculature raries correspondingly, T\’ith 
the normal side wholly relaxed, a common condition, the side affected by 
pyramidal lesion is generally found to be equally relaxed, and certainly no 
relative hypotonia then exists. Bui in the numerous and various con- 
ditions in which the extremities are tonically innervated, the paretic side 
usually opposes less resistance to passive motion than the normal. The 
hypotonia is most clearly in evidence in spontaneous activity. For e.xample. 
in the animal's common habit of picking up the affected forearm by the 
good hand to place it in (he lap, or m a more comfortable position, the 
dead weight and sagging muscle bellies of the paretic arm are unmistaka- 
ble. Again, as the animal moves about a large cage, swinging from bar to 
bar, grasping alternately with each hand or foot, the paretic extremity 
swings like a flail, unchecked by tome innervation, while a normal ex- 
tremity is always visibly in tone. 
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The deep reflexes of the chimpanzee are altered surprisingly little by 
pyramidal lesion. They are easily obtained in the paretic side, usually more 
easily than on the normal side where they are hampered by the animal’s 
attempts to cooperate. The reflexes are large in scope, though not pendular, 
not especially brisk or slow; they are neither definitely attended or unat- 
tended by check contraction in antagonists They do not radiate. When the 
chimpanzee is completely relaxed but mentally alert (not sleepy), deep 
reflexes of both sides have these characteristics about equally Clonus is 
not met with, either in normal or in paretic extremities. Nor have tonic 
neck reflexes ever been elicited. 

Of the superficial reflexes, the abdominal reflex is abolished, and the 
local contraction to pm prick is everywhere raised in threshold. Since none 
of the successful pyramid sections were on male chimpanzees, I have no 
evidence on the cremasteric reflex. A Babinski response, that is, conversion 
of the normal plantar reflex from flexion and adduction of the big toe to 
extension and abduction with extension and fanning of the other toes, has 
been an immediate, invariable, lively, and enduring consequence of pyram- 
idal lesion. Usually the response also includes dorsiflexion at the ankle, 
flexion and adduction at the hip, and sometimes at the knee. The amount 
of fanning has varied with the individual chimpanzee. 

The chimpanzee with unilateral pyramidal lesion rarely shows the pal- 
pable difference in skin temperature between (he hands and feet of the 
two sides which is so noticeable in the monkey. The use of the derma- 
therm (Tycos) following the procedure developed for the monkey, does, 
however, bring out some difference, and as m the monkey, the paretic hand 
and foot (especially the hand) are cooler. This flifference has never been 
discernible in the first week of the operation, but it later becomes evident, 
increasing with the passage of months But even so, frequently no dif- 
ference is detectable, or the paretic side is warmer, a condition which was 
met with only in very special circumstances in the monkey. 

Both the chimpanzees and monkeys surviving unilateral pyramidal 
lesion for a sufficient time, begin to show' after about two months a palpa- 
ble, and later a measurable, difference in muscle bulk between the two 
sides, the paretic muscles bulking less. In growing animals tliis could be 
deficient development; in adult animals it is unquestionably atrophy. 
Histological examination of the muscle shows simple atropiiy; the mdi- 
vidual muscle fibers are small but intact. Contractures have never been 
detected after pyramidal lesion performed later than the first year of life, 
but all animals (monkeys only) in which this lesion was made ni early 
infancy, have shown, when examined under profound nembutal anaes- 
thesia a 5'ear or more later, muscle lengths shorter on the paretic than on 
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the control side. Bone development has been normal. Whether these 
shorter muscle lengths represent deficient development or contracture is 
largely a matter of definition of terms. 

So far, no case in man of uncomplicated lesion of the meduUarj’ pjTa- 
mids has even been studied and put on record; there is no case compa- 
rable nith the lesions deliberately produced in animals. By combing the 
literature, ten possible cases have been found, all imperfect in one way or 
another. These have already been individually summarized (Tower. 1940). 
The most significant cases are those of Kornyey (1936). Davison (1937). 
and Hausman (1939): Davisons two cases with autopsies. Dr. Hausman 
has been good enough to furnish me with a much more complete report of 
his case than is yet published, with permission to use it. The individual is 
still alive. 

Reviewing these reports again in the light of the work on the chim- 
panzee, the parallelism is striking Flaccid paralysis characterizes the 
lesions in both. “Flail-like” is a term which Hausman employed for the 
condition of the extremities in his case, a term which inevitably comes to 
mind while watching the chimpanzee with a unilateral lesion swinging the 
paretic e.xtremities through the air. but it is a term which never fits the 
monkey or cat. The deep reflexes are described variously as "very active." 
“gesteigert,’' or “increased." words which might almost be applied at times 
to the chimp.anzee's unimpaired and unchecked deep reflexes. The abdomi- 
nal reflex is absent The plantar reflex is typically extensor, a Babinski 
sign. In long-standing cases the muscles are atrophied but show little or no 
contracture. Skm temperature is mentioned in only one case besides Haus- 
raan’s. and that one is the most complicated by lesions elsewhere in the 
brain. In this instance the paretic hand was cooler. This silence probably 
indicates that in man as in the chimpanzee the vasomotor disorder follow- 
ing pjTamidal lesion is not ver>' great. 

Hausman’s case merits more detailed description. Besides the flaccid 
paralysis, the reflex changes, and atrophy without contracture character- 
istic of the lesion, he gives in his personal communication further signifi- 
cant facts. The loss of fine movements is strikingly like that described for 
the monkey and chimpanzee, but emphasized by the greater demands for 
such usage in the human. Moreover, this patient had difficulty in releasing 
the hand grip, which often could be overcome only by using the normal 
hand to open the fingers. Tonic neck refle.xes were not elicited. Fanning of 
the toes attended the Babinski response. Skin temperatures, measured with 
a radiometer, were lower on the affected side of the body than on the 
normal, especially so on the hand and foot. While there is nothing in the 
record, no cranial nerve or other involvement to indicate the exact location 
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or nature of the lesion in this case, the parallels between the disorder ex- 
hibited by this patient and those met -with after unilateral pyramidal lesion 
in monkeys and chimpanzees are so outstanding, far more than this brief 
summary covers, that I can only believe this represents the one case of 
unilateral pyramidal lesion (partial only) in man ever to be adequately 
studied. Until autopsy confirms this, however, we cannot be sure. 

Obviously these cases, especially Hausmaii’s, depart significantly from 
the usual clinical concept of the syndrome of pyramidal lesion in man. 
This could be summarized m the phrase “spastic paralysis." The paralysis 
is there, to be sure, attended by diminished or absent superficial reflexes 
and the sign of Babinski, but evidences of spasticity, such as exaggerated 
deep reflexes with clonus, contractures, and tome neck reflexes are wanting. 
As has been pointed out before, the lesions in man which produce the usual 
hemiplegia, or spastic paralysis, whether they lie in the cerebral cortex, 
internal capsule, or cord, are inevitably mixed pyramidal and extrapyrami- 
dal lesions, destroying fiber systems in both categories. And the symptom- 
atology might be expected to be correspondingly compounded. The py- 
ramidal elements in the total are easily recognized: loss of discrete control 
of the skeletal musculature, muscular atrophy, impaired or abolished 
superficial reflexes, and the sign of Babinski. But the muscular contractures, 
tonic neck reflexes, and the phenomena of spasticity are additional dis- 
orders, the consequences of extrapyrainulal destruction. Associated move- 
ments are seen with the medullary pyramidal lesion in the loner primates 
and with hemiplegia in man, and seem to represent, not spastic phenom- 
ena, but action of the surviving extrapyramidal mechanism as it is brought 
into play to compensate for the defect. The variability of the vasomotor 
defect with hemiplegia in man may result from various compounding of 
pyramidal and extrapyramidal factors, but this needs further investigation. 
Also the quantitatively much graver total motor defect of a complete 
hemiplegia in man, while it probably derives in large part from a greater 
pyramidal dominance m man, may well include additional destruction of 
cortical extrapyramidal motor functions uhich have also assumed increased 
importance with increasing total cortical dominance. What we know of 
extrapyramidal motor function in the cat, monkey, and chimpanzee gives 
clear indication of a trend in this direction. 

Weighing all the evidence, the inquiry may now be made: what are the 
reliable signs of pyramidal lesion? In man and the chimpanzee un(|uestion- 
ably the sign of Babinski* when the fibers for the foot are involved. But 
speaking more generally, since the hypotonia of pyramidal lesion is so 

'For cooditioni other thin le^jon of thc-'O IiIkt* in which a Ilibin'ki xien Ini' hf-rii ol>- 
tamed sec Las'ok (IWI) 
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easily obscured by the spastiaty of auxiliary extrapyramidal involvement, 
therewith also altering the character of the deep reflexes, tone and the deep 
reflexes are unreliable indices, as is also vasomotor condition. In contrast, 
the superficial reflexes seem equally defective u ith any level of pyramidal 
involvement, and in that respect are reliable; but they are shin evidence. 
With an intact segmental motor mechanism, discrete control of movement 
is probably the one generally applicable and reliable test of pyramidal 
function. Although loss of this control is most conspicuous in the digits, 
tests are readily devisable which will demonstrate it in any part of the 
musculature. Thus the one unique function of the pyramidal tract, its 
minute control of the skeletal musculature, appears in default as the most 
reliable sign of pyramidal lesion, affording, moreover, a quantitative meas- 
ure of the status of pyramidal function which may be topographically ap- 
plied to all parts of the body. 

Summary of Function 

Reinterpreting the results both of cortical stimulation and of pyramidal 
lesion in the cat, monkey, chimpanzee, and. with reservations, man. the 
functions of the pyramidal tract appear to be characteristically organized 
both in space and in lime. The spatial organization derives from a rela- 
tively stable topographical relationship between loci m the cortical field 
of origin of the tract and loci m the motor mechanism of the spinal cord. 
The fineness of this topographical organization underlies the unique feature 
of corticospinal function ; the ability to bring into action any portion of the 
skeletal musculature, and in all combinations. This detailed control of 
the skeletal musculature makes possible the discrete usage of the muscula- 
ture, especially of the digits, and the modulation of extrapyramidal activ- 
ity, which are outstanding pyramidal functions. Furthermore, by increasing 
the excitation in specific portions of the segmental mechanism, fragments 
of the stereotyped patterns of extrapyramidal activity can be brought to 
threshold as part reactions, detached from the frame which usuallj’ gives 
them usefulness. The pyramidal tract operates in a crossed relationship 
on the extremities, but bilaterally on the axial musculature other than 
abdominal. 

The functions of the pyramidal tract are. however, not covered by 
description, no matter how detailed, of results of stimulation in its field of 
origin, because the organization in time is not brought out in this manner. 
In time, the pjTamidal tract operates in two phases. As a groundwork 
there is a tonic function, continuously in operation in the waking state, 
diminishing with somnelence and sleep. This may be viewed as a contmu- 
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ous contribution to the central excitatory state of the segmental motor 
mechanism which facilitates and reinforces whatever action may be insti- 
tuted at that level by incoming segmental or suprasegmental excitation. 
Its most notable effects are to reinforce muscle tone, to keep the thresholds 
of superficial and deep reflexes low’, and probably to speed initiation of and 
facilitate more complicated action. This tonic function has been pictured 
by Adrian and Moruzzi (1939) in the impulses which may be led off from 
the pyramidal tract in the anaesthetized cat as persistent and spontaneous 
activity corresponding closely with the potential waves in the motor cortex. 

Superimposed upon the tonic function is a phasic or episodic function, 
which appears as a specific contribution to individual acts or performances, 
and often as the entire performance. This enters into all somatic motor 
activity of any complexity to initiate it or to speed initiation, to confer 
on it adjustability in space, which is aim, and modifiability in time 
or in the course of execution. It contributes the elements of precision, 
lability, and finish to stereotypetl performances. And more than this, in 
primates it makes possible all the finer varieties of usage, such as minute 
operations with the digits. It is in this function that discrete control of the 
skeletal musculature is most in evidence. 

The tonic function provides a basis for rapid and strong action which 
the phasic function initiates, controls, and modifies. In the realm of somatic 
motor function this is all primarily excitation. There is no evidence of 
specific or primary inhibitory function as such beyond that entailed in the 
reciprocally integrated operation of excitation and inhibition in the seg- 
mental motor mechanism. 

In all species studied the outstanding pyramidal function is the exor- 
cise of discrete control of the musculature in phasic action. Moreover, the 
pyramidal tract has full responsibility for this in all the species, although 
the volume and detail of that control increase enormously from cat to man. 
The tonic function is much in evidence in the monkey, and less so in the 
cat, though not out of proportion to the generally lesser importance of 
pyramidal function in that species. In the chimpanzee the phasic func- 
tion is outstanding and the tonic function comparatively obscure. How the 
balance of these two is struck in man is hazardous to judge, but from 
Hausman’s description that the resistance to passive movement is greatly 
diminished, the tonic function would appear to be at least as active 
as in the chimpanzee, and probably more so. That the phasic function is 
overwhelmingly more developed and more important in man than in the 
loner species seems unquestionable, even though no certainly complete 
human pyramidal lesions have yet been available to prove the point. 
Altogether, in the realm of somatic motor control the course of lievelop- 
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ment appears to involve an increase in the share of p>Tamidal action in 
total motor function, and a differentijition of pyramidal action in the direc- 
tion of increasing discreteness of control. Moreover, there is a redistri- 
bution of weight of pyramidal control, tending away from the predomi- 
nantly flexor action characteristic of the cat, through relatively balanced 
control in the macaque, to predominantly extensor control in the apes and 
man. This general tendency, which is subject to many specific reservations, 
probably is the setting for the development of the Babinski response with 
pyramidal lesions in the apes and man, and not in the cat and monkey. 

In the realm of autonomic control, the pjTaniidal tract appears in the 
monkey to exercise a continuous or tonic influence on the vasomotor mech- 
anism, largely as tonic reinforcement of vasodilator tone and reflexes 
Whether or not there is a further phasic action is uncertain. Such influence 
was not sufficiently outstanding to attract attention in the cat. In the 
chimpanzee either the pyramidal tract exercises only a feeble control of the 
cord vasomotor mechanism, or its control is so neatly balanced between 
vasodilator and vasoconstrictor influences, and between excitation and in- 
hibition. that the abolition of the whole is without much consequence. 
Vasomotor disorder has not been an outstanding feature of the reports of 
possible pyramidal lesion in man, though Hausman found it. From this 
general silence it seems probable that the human p>Tamidal tract, like 
that of the chimpanzee, exercises either a feeble vasomotor control, or a 
control so balanced that its total elimination produces no outstanding re- 
sults. Other possible autonomic effects have not been adequately examined. 

The phasic function of the pyramidal tract, in so far as it employs dis- 
crete control of the skeletal musculature, certainly represents action from 
the keyboard of the precentral gy'rus The best known fiber component and 
the best known function therefore go together. It is probably that the small 
component of very large fibers, the 2 to 3 per cent which probably derive 
from Betz cells, are most concerned with this fine usage of the musculature, 
especially when rapid initiation of movement and rapid cessation are in- 
volved. The tonic function ami autonomic control might very well be taken 
care of by the fine fiber component of the pyramidal tract, and perhaps in 
part by components deriving elsewhere than from the precentral keyboard. 
The one attempt which has been made to evaluate the functional signifi- 
cance of the postcentral component of pyramidal fibers (Tower, 1940) was 
not rewarded; but certain limitations on the e.xperiment were there pointed 
out. In fact, a whole new approach along the line suggested by Peele 
(1942b) may be in order. It is readily conceivable that a mechanism which 
operates as a sensitization mechanism for cortl sensory neurons might on 
the one hand facilitate sensorj' projection cephalward, and on the other, 
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reinforce sensory operation on the segmental reflex mechanism, thus sup- 
porting muscle tone and other local reflexes. Certainly in the clinical litera- 
ture hypotonia has been more frequently described as a consequence of 
postcentral than of precentral lesions (see Head, 1918, for man; Kennard 
and Kessler, 1940, for the monkey). In fact, exaggerated deep reflexes and 
hypotonia seem to attend such lesions, recalling the full reflexes and hypo- 
tonia of medullary pyramidal lesion. 

Vasomotor control from the cerebral cortex is much too confused a 
subject to be analyzed here, particularly as species difference enters more 
largely into this than into any other pyramidal function. Nevertheless'an 
unfinished study (Tower and Hines) of the balance of pyramidal and extra- 
pyramidal factors in the cortical control of this function has shown that 
both the pre- and the postcentral cortices share it in the monkey. Again 
this offers possible scope for function of the obscure component of small 
pyramidal fibers. 

The foregoing discussion is olfered as suggestive only. It does not ex* 
haust the numerous leads already present in the literature for function of 
components in the pyramidal tract other than the well known precentral 
component. It is intended primarily to complement the formulation in the 
first part of this study of the need for a revised and enlarged view of the 
anatomical constitution of the pyramidal tract by indicating a similar 
need for an enlarged view of its functions. When both these concepts are 
sufficiently mature, we may expect to find the totality of the fiber com- 
ponents of the tract fully engagefl with known functions. 
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EXCITATORY AND INHIBITORY 
PROCESSES' 


W HAT WE SHALL have to say is only a modest beginiung 
of new knowledge, more apt to make us realize our ignorance 
about cerebral processes than to dispel it. Whoever has the 
temerity to utter definite opinions about problems so little known and so 
intricate should realize that his opinions can have no more than passing 
validity, and that the more quickly a body of known facts accumulates, 
the more surely they are replaced by other theories. Nonetheless, it is 
necessary for the development of science that at everj' step beyond the 
mere collection of facts an attempt be made to establish causal relations. 
Even if future progress should prove such attempts to have been misdi- 
rected. they would not have been made m vain. 


I. ARE THERE CORTICAL MOTOR CENTERS? 
Goal and Method of Investigation 

After Fntsch and Hitzig had shown that electrical stimulation of 
certain small delimited parts of the cerebral cortex leads to movements 
of certain delimited groups of somatic muscles, an exceedingly voluminous 
literature sprang up. without, so far. leading to unanimity among investi- 
gators as to the significance of this fact. The pertinent observations are 
of tw’o kinds: stimulation and extirpation. The latter, which has been per- 
formed frequently and extensively, was used only sporadically by us, not 

’ Traoslated from N. Biibooff and R Herdenhain. Ueber Erregungs- und Hemm<mg<- 
^orglnee innerhalb der moton-chen Himcentren, Arch f d ge® Phy^Iol 1881. 26 137-200 

The German ongmal contain^ an intioduc\oi>' and a eondttding paragraph di-en^ing phe- 
nomen.i of hjpnosis Th6^e parsgr.ipbs hare been omitted The tett nas further shortened by 
deleting some repetition® and summaries Al-o the references contained in the original hare 
been withheld 

Rudolf Peter Heinrich Heidenhain was born in 183-1 and died in 1697 He studied 
under Du Bois-Rej mond. wa- later Professor of Phjsiologj at the Unirersity of Breslau, and 
IS best known for his work on secretion and resorption and the formation of IjTuph In 1880 
he published a p.aper entitled Dct togenanntc thiertickc Magneltsmus 

Nikolai Aleksandrorich BubnofI was bom m 1851 and died on December 18. 1881 An 
obituarj in the form of a letter to the Ru-^ian Medical Society was pubh-hed by the Presi- 
dent of that Society, S Botkin, and was kindly translated and summarired b\ Dr George 
Bons Ha-sein “Bubnoff graduated from what is now known as the Militao' Medical Aeadem> 
of St Petersburg and became an a«si-tant to Profe^r Botkin (internal medicine) and began 
maestigations on the physiologic action of Adowa lematu on the heart Before finishing his 
work he entered the sera ice in the Ruswan Army dunng the Ru-so-Tiirki-h War of 1877. and 
aaas attached to the Red Cro-s where he worked under Pirogoff He contracted t.aphiis and 
relapsing feacr but recoaered .ind returned to St Peter-burg, where he re-umeil hi- inaesfigi- 
tions on Adonis icmahs He aea' sent abroad ba* the goaernment to do in' e-tigatia e work 
under Heidenhain (in Breslau) On his return to Ruvia he ®eraed for a short time as 
tegiment.al phjsician m a small frontier town, and then returned to St. Pctcr-biirg to become 
Botkin's assistant ” 
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because we did not realize its importance but merely because this widely 
used method did not seem to stand in need of further corroboration Doubts 
have arisen about the usefulness of stimulations and about the possibility 
of drawing from them stringent conclusions as to the motor function of 
the cortex, especially since L. Hermann (1875) emphasized that the motor 
reactions which can be obtained by the stimulation of certain cortical 
points are similar to those which can be obtained by the stimulation of 
subjacent tracts of white matter after the cortex has been removed. One 
could not be sure, therefore, whether the motor responses e\'oked by elec- 
trical currents through electrodes applied to the surface of the brain have 
their origin in the cortex or are due to spreading currents traversing the 
underlying white matter. 

When tw o electrodes are put on the surface of a moist, conducting body, 
currents unquestionably traverse the entire body. It is hardly necessary to 
prove this by special experiments on the brain. It is equally beyond doubt 
that stimulation of both motor center and the fibers emerging from if must 
lead to effects in the same muscles. This makes it difficult but not impos- 
sible to decide whether the gray substance is excitable. For similarity of re- 
action is not identity. If differences in the mode of reaction of the cortex 
and of the subjacent white matter could be demonstrated, a proof would 
have been given for the independent role of the cortex in evoking move- 
ments when stimulated. 

A large part of our investigations was planned to answer the question 
whether the responses to stimulation of white and of gray matter were 
similar or dissimilar. For that purpose it was necessary to know the form 
and the temporal sequence of the muscular contractions evoked by stimu- 
lation of cortex and of white matter. The contraction of a stimulated 
muscle had to be registered graphically, and the duration between the 
moment of stimulation and the moment when the muscle began to contract 
had to be measured. This duration we shall call “reaction time.” The first 
goal of our investigation was to work out the conditions of excitability of 
the cortex as well as of the subcortical conducting fibers and intercalated 
ganglion cells, and to describe the temporal sequence of the process of 
stimulation and of muscular contraction. However, several unexpected 
phenomena so attracted our attention as to require elaboration. Poon these 
came to the forefront. 

Expenmental Animals — For almost all animah of the R.imp size tniv hue \er^ 

our experiments we eraplojed morphinired different effects In a number of ea«eM ihn 

doC'!. a 2% solution of morphine b\dro- alLaloid pro<hiee< a sleep of nunv hours 

ehloncle was m;eeted into the anterior dunnK whieh the animal-*, if tmi!i-<tijrbp.i. 

ficul \ein We r.irely ii-ed more thin 8 to lie coiopletelv mofionle«.i («fate J) The 

16 eentierani« dependme upon the Mie of sleep loav be more or le-^* profound— a 

the animal Whoeaer ha« had a broad ex- topic to be di-eti«ed later in creiler detail 

penenre will hnow tint the sime dosc« in In other ea*. a a i>eeuhar state of heiehtened 
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rcflex irnt.ibilitj prc\aiN Althoiich ibe am- 
iruK generally lie qmeth. the\ startle m 
re»pon'e to e\cn the slightest sen-tble «tiin* 
wUis, p^Tticulaily to sudden noises. lo re- 
lap«e leiy soon again into qiiie'cenec tstate 
2) State 2 c.annot be transformed into state 
I. no matter hou great be the do-cs of mor- 
phine giien sub'cqiienth It is ea'\ on the 
other hand, lo aboh'h slate 2 b\ means of 
chloroform or. still better b\ means of 
chloral h.vdrate We haie frequenth done 
this for certain purpo'es Between the two 
states there are, of course intermediate 

Preparatory Operations — After narco'i' 
hid been accomph-hed the left central mo- 
tor region was expO'Od After remor.d of 
the bone and reflexion of the <lura mater, 
one finils m a number of c.i^e- a more or 
less anemic brain — omctime« 'O anemic 
th.nt it docs not eicn fill the cavitv of the 
skull In that condition of the brain nar- 
cotic sleep u generalh dcepc-t In other 
ci-es the brain appeirs dccidedb h.vjier- 
einic The greater the degree of hxperemii 
the greiter i- the danger that stimulation of 
the cortex will promptli elicit di'tiirbmg 
epileptic fits 

In order to prexent cooling and other in- 
sults to the expo'Cd brain the skin n is 
fir«t replaced Then the animal was put on 
Its bick and the right elbow expo-ctl bx a 
•mall incision A small tran-xcr^c hole w i- 
drilled through the olecranon, an iron xxirc 
xvas threaded through the hole and the 
bone firmb attached to the operating board 
m such a way that the forearm stood xcrti- 
call)’ to the board and formed an nculc 
angle with the upper arm To fix the fore- 
arm further, plaster of pans was put around 
the fore and upper ami from wn-f to 
shoulder Since the plistcr of pan- when 
set, docs not adhere xerx well to the surface 
of the operating board, .an iron hook was 
let into the boird clo'C to the fore inn be- 
fore the planter of piris xxaa applxeil Hook 
and forearm xrcre both cmbeildetl in the 
planter Thus the extrcniitj xx.i- sufTicitntlx 
fixed so that the flctixitx of it' mu-ilcs 
could be measured 

In all our espenments xxo luxe ii'ol the 
long extensor digitoriim coraniunt' mii'Cle 
Its tendon was exposed from the middle of 
the b.ick of the hind up to the lower end 
of the forearm At the di't.al end a ‘trong 
thre.ad was tied .around the tendon which 
was then cut di'tal to the thread The 
other end of the thrc.id w.a' arnieil with a 
hook to connect it xxiih the rrconlmg ap- 
piratU' to be dc'cribcd liter In order to 


prexent interference, the tendon of the ex- 
ten«or carpi radialis, which runs obliqueix 
oxer the tendon of the extensor digitorum 
comroums, was soxered 
Recording the Muscular Curve; Meas- 
uring the Reaction Time — The muscular 
curxe was recorded by Ballzar's kjmograph 
with automatic lowering of the drum u-ed 
at niaximum speed of rot.ation As a re- 
cording dex ice, a Marex 's tambour xrjs used, 
connected in the usual manner bx means of 
a rubber ho«e with a receixing tambour 
The lexer of the receixing tambour w.as con- 
nected from bcloxr with the tendon of the 
muscle being used and from aboxe x\ith a 
bra«s cod spring by means of which a mod- 
erate extension was imparted to the muscle 
We were not safi'ficd with recording the 
mu'cular curxe to determine the beginning 
of the curxe Firstlj. it i» difficult to record 
the beginning of the curxe with ab-olute 
uccuracx', particularly when the curxe as- 
cends graduallx Secondly, the recording 
lexer of the recording tambour cxidently 
docs not begin to moxe sjnchronou'Ij with 
the lexer of the reeeixing tambour but has 
.1 lag proporiional lo the length of the rub- 
ber ho'C connecting the txxo tambours We 
oxcrc.imc both difficulties bx putting a 
pi iiiDum contact on the lex er of the reccix - 
iDg tambour xxhich could be adjii-ted so 
cxacllx as lo brcik the current at the 
shgluc't contraction of tlic mii'Cle, a con- 
traction that was hardly noticeable at the 
recortling lexer The adjU'tmcnt had to be 
made with great care and frequent rcad- 
jxi'tmcnts were neces-ao. since during the 
course of the experiments the length of the 
rC'iing mu'cle underwent slight alterations 
as a eon'cquence of tonic changes The 
platinum contact was m series with a small 
electromagnet xxhich recorded on the ky- 
mogriph the opening of the contact at the 
beginning of the muscular contraction 

Thia electromagnet xva's the loxvest of 
three similar ni.irking dex ices " hose xvnt- 
ing points xxere aliened xcrtieally The 
uppcrniO'l one reacted on the opening of 
another plitinum cont.ict xxhich marked 
the moment when the electric current wa« 
applied to the brom — ic, the beginning of 
stimulation The middle electromagnet re- 
corded the xibrations of a chronographic 
lunine fork of 100 xibralion- per second 
actixated shortly before stimulition began 
Graphic representations like fig 65 were 
thus obtained 

On the line 1 — 1, the niU'Clc curxe is re- 
corded, on the line 2 — 2, the point a signi- 
fies. the moment of stmnilation, on the line 
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3—3, the vibrations of the timing fork aie 
registered, on the line 4 — 4, the beginning 
of the muscle contraction is recorded 
(at /3) 

Stimulating Device — The stimulus should 
influence the surface of the brain at pre- 
cisely that moment which is given bj a m 
line 2—2 This, o! course, possible only 
when stimulation takes place at an etnctly 
definable moment What follows will show 
that this statement, which may seem self- 
evident, la by no means superfluous 

One would naturally have used the cur- 
rent induced bj breaking the pnmarj cir- 
cuit, since this would have fulfilled (he 
requirements just stated \Vc have indeed 
made a few experiments with a platinum 
contact in «cries with the uppermost of Ihc 
three electionugnets and an inductornim 
When the contact was opened by (he drop 
of a himmer, an induced current flowed 
Bjnchronou'ly with its recording b> (lie 
kymograph 

However, we soon hnd to give up this 
procedure, for muscular contraction can be 
ev oked by a single impulse to the surface of 
the brain onij with uncertaintj and onij 
when currents of enormous jnlen«i1y arc 
vi-ed Under such circvmvstanccs one hvs no 
way of knowing whether the cor(cx is stinm- 
lated directlj or whether other dicfiint parts 
are influenced by spreading currents On the 
other hand if we used tetanizing ciuTent« 
from an elcttroniagnetic generator, turrenfs 
so weak that thej could hardly be fell on 
the tongue siifflced to evoke motor oflccts 
However, such a senes of iinpiilscs was ob- 
vioii'lv unsuitable for our punvo^c For, if 
a single impiil-o is ineflcetive while a (etan- 
izing SCI ICS of inipul-es of eqinl inlmsitj 
becomes oflectne, then this inii't be due to 
siinimition The fust iniiuil-ts impinging 
upon the brain in thcm-clv es loo weik to 
produce unv effect, cliinge, nonelhcle's, 
vhti I'lTt of the br.un to winch thev jvre 


applied and consequently rcndei subsequent 
impulses effective It is impossible to de- 
termine the moment of the first effectwe 
impulse, but it is later, at an> rate, thin 
the instant at which the tetanizing impulses 
begin to pour into the brain Therefore, if 
the latter moment is recorded on the ro- 
tating kjmograph the reaction time will be 
exaggerated, since the octiml stimulation 
can occur only an indefinite time after the 
instant of the supposed signal of stimu- 
lation 

On account of the difficulties engendered 
by the Use of induced currents, wo turned 
to ojvcniog and closing of direct currents 
Ten to twelve small Grove’s (circi 16 to 23 
volts)’— the number has to be as high as 
(lut on account of the rather large lesi't- 
ance of our unpolarizablo electrodes, vvliidi 
we shall describe later— clelivcieil the cur- 
rent to a variable resistor which w,is con- 
nected bj wires with the electrodes Uc- 
tween the variable resistor and elottrodcs a 
platinum contact was pvii m pvriUcl This 
contact and a second one installed in the 
circuit of the uppermost of the three nng- 
nets mentioned previou-ly were opened «vn- 
chronoudv by the droji of a hunmrr The 
eurrent entered the brain when the two 
platinum contact- were oj’ined (-tiiuuli- 
tion bv po'itnr w ivr, or bv do-ing) and 
di«iii|>cire<l when the two (ontuU wtrt 
clo-^ ('linmlation bv nigitive w ive, or In 
opcninc) To our amizeniint we fouiui iii- 
viniWy tint (1) till nigidvp wive (do- 
ing of plitinum cont ict') prodiitnl mu— 
culir contractions at con-idi ralilv lowir 
inten-ilioB thin the I'o-itive wave (opinmi: 
of platinum contacts), (2) tint the n- 
action time when stiinuhling liv a nigi- 
tne wave ww by 001-0 02 -le lonai r (Inn 
when stimul iting bv a po-itn e w iv i Tin 
results contiadietfil all llit rc-t of our e\- 
jicnenccs, for when wi cominriil tlic cffcrl-i 
of iio-itive or neavtive wvvis wiilv i icli 


■Throughout fhi- chi|ifi'r the Irin-fiturs hivi in-irtid tin- volturi iieeordinu' to dili 
cnen in the J9th edition of the Handbook of Chriiii-lry and I’liv-u-*, iiiilid bj Cii Ifogmaii. 
Chemical Rubber Compinj, Cleveland, Ohio 



Excitatory and Inhxbitory Processes 


179 



other by gr.idiiill> increasing the inten- 
sities of the currents, it was regularly found 
that higher contractions viere accom^wiaicd 
by shorter reaction times 

This apparent parado\ was eientualK 
soiled bi discoiering an oxperinientjl error 
It was found that on clo-ing the platinum 
contact the current through the brain was 
not simp!) shut off but that multiple naics 
Mere eioVcd bec.iU'C the contact point 
Tattled on the bise plate The effect of 
stimulation usis therefore not due to the 
first impul'c but to successiie iiaie-. heme 
the greater contraction and, in spite of it, 
the uppirent increase in duration of the 
reaction time 

This error was not rrreiented with cer- 
tainty by u«ing a mercury contact, for when 
the platinum needle dues into the mercury 
the htter may ea'ilv be spilt about and 
thereby retard the defimte estabh-hmenl of 
contact. The following amngement wa« 
finalli u>cd: The inre from the \ariable 
rc'i'tor to the contact in connection with 
the drop hammer wu-. interrupted by an- 


otlier platinum contact The experimenf was 
then conducted in the following manner 
(fig 66) The hammer ll, released mc- 
chanieall) b\ the right hand of an a«sistant, 
opened e\actly simultaneou'ly the contact 
S in the circuit of the signalling magnet S’ 
and the contact R, in parallel with the cur- 
rent from the \ amble rcsi'tor P to the 
electrodes EE Thus the current entered the 
brain and gaie the signal on the hj mo- 
graph at c\actlv the stme moment Imme- 
diately after the hammer had been dropped, 
the s.iR)e Q'si-tant opened with his left 
hmd the contact C and thercbj interrupted 
the current through the brain This latter 
current, therefore, flowed onli for a fraction 
of a second While the contact C was still 
open, the hammer was lifted and the siib- 
sidiarr contact R thereby was again ren- 
dered effcctiie Onlv then the contact C 
wa« clo‘=ed again IVe stimulated the brain, 
therefore, b\ a con-tant current of a lerj 
short duration. Both making and breaking 
of this circuit wa« done bv opening of 
platinum contacts In this way a positiic 
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\\a\e worked without exception with a 
much weaker current than a negatne waae 
If b3' increasing the currents greatlj, the 
negati%e wave became effective, the height 
of the contraction elicited by the positive 
wave was still greater This could easily be 
recognized by the shape of the cuive reg- 
istering the muscular contraction Only 
when the experiment lasted a very Jong 
time and when very strong currents were 
used, did it happen now and then that the 
positive wave had no effect and only the 
negative vvavc elicited contraction But then 
the conditions of excitability were clianged 
so much that measurements appeared to 
be no more feasible 

It IS essential to use nonpoianaable elec- 
trodes, m spite of the fact that our prede- 
cessors vmanMnvowsly dispensed with them 
Metal electrodes lead to the worst com- 
plications Quite apart from the rapid dim- 
inution of the current, due to polarization 
and to electrolytic disintegration on the 
Mirface of the brain at the points of con- 
tact, these electrodes lead by their polar- 
izing action to gross errors in the measure- 
ment of tlio reaction time For the benefit 
of our successors, this has to be di«ciis<«d 
m detail Prior to adopting as definitive the 
arrangement just described, we used a cap- 
illary contact worked by an electromagnet, 
sometimes to close the elccliodc circuit 
directly, sometimes in parallel with it In 
the first case the current was supplied to 
the brain bj closing a contact of platinum 
m mercury, in the second ease by breaking 
such a contact With the same resistance, 
the muscular contraction was higher and 
the reaction time was regularly shorter in 
the second than m the first case Since 
this diflerenee completely vani-hcd when 
nonpolarizable electrodes were used, it mu't 
have been due to polarization For when 
the electrode circuit is closed directl}', the 
pohrization occuning at the point of con- 
tact between metal and brain has do oppor- 
to dis'ipafe when the current di-,- 
.ipi'cars after breaking the circuit When, 
however, the plitimini contact is m parallel 
and the current di'appearv from the brain 
bv closing of that contact, then polarization 
bv conduction can be dispersed through 
this very cunent in «cries If polarization 
hi-, not di'appcared, then the next impiiI'C 
impinging on t!ic brain will ii-c Ic-is steeply 
ind to Ic—cr height flian when polanzation 
1)1-5 di'appeircd, hence the grciter effect of 
(oiitact in pirallel 

liut polarizition his -till more dangerous 


aspects When in our definitive .in ingement 
(SDO above) metal electrodes vveie used, it 
happened not mfrcquentlj that after open- 
ing contact C and closing R w inch h id been 
opened previously', an unexpected mu'cular 
contraction occuried This contiaetion <h'- 
appeared when nonpolariziblc electrodes 
were used This gave the explanation th" 
contraction was simplj' due to a compen- 
satmg pobnzation current flowing when the 
contact R was closed 
After many experiments the most suit- 
able foiin of nonpolarizable clcetrodt^ w \s 
found to be the following Zinc wire is 
hammered flat, amalgamated, and armed 
at one end with a cork Bj' means of the 
cork this end is then put into a nariow 
glass tube which is shaped at its end like a 
wnting pen The tube from which the zme 
wire protrudes for a considerable distance ii 
then filled with modeling clay worked with a 
saturated solution of zinc sulphate in such a 
manner that a clay cj’linder surrounds the 
wire from all sides Into the free end of the 
claj' cjdindcr n woolen thread satuiated 
with a i% solution of NaCl put in siicli 
ft wav that thread and zinc wire aie sepi- 
ritcd from each other bj n broul lijei of 
cliy The thread has to bo freed fioni super- 
fluoux salt solution by slight squeezing, 
since the clay will avidly abxoib tlie Mlt 
solution and thereby become soft and 
smeary Two such sm ill chy tiibcx, fa*tone(l 
close to cich other m a siiitiblc holder and 
.armed with woolen tlirciiU about 8-10 mm 
long, represent very uxible electrode* Apart 
from avoiding pohrization. they have tlie 
great advantage tint the tliuadx ijiphcd 
to the surface of tlio brain at a «niill di*- 
tance from each other tan follow llic piil- 
s.iting and re'pintory movements of (lie 
brain without becoming ih-locatcii, tliiH 
avoiding nianv difficulties aii'ing whin i-tiff 
metal electrodes are ii--cd 
Release and Recording of the Tuning 
Fork — We hi'c mentioned tint time w.i-< 
lecorded bv an clcctrom ignet und n timing 
fork of lOQ vibiutions i>er “etond bliortlv 
before ‘.tiiiiu! iting, the tuning fork (7 f-ee 
fig 66) wax activated in the following iinn- 
ncr Both iriiix weio kcjit attracteii be- 
tween the polls and 7/ of a powtrfid 
electromignet The cireuit of the elittro- 
aiignet was interiuptt.d by a 'Wilrh <011- 
si'ting of two cups filled with mertiirv (f/ 
and tf) into which w is dii'iud a cojijiir 
fork k fi'tencd to the axis A of (tie drop 
himnirr U in “urh a iiimnir tint the fork 
w IS lifted out of till itipx when the h mimr r 



Excitatory and Inhibitory Processes 


181 


dropped, clejrins the mcrcun immediiteK 
before tlie hammer opened the contact- R 
and S. The tuning fork, therefore, l>rpjn to 
\ibrjtD shortly before the stimulation of 


the brain was being recorded Bj means of 
the Mbiation of the tuning fork, the current 
to an electromagnet was alternateb opened 
ind closed m a well-known manner 


Results 

Position of Cortical Center for the Anterior Extremity — The experi- 
ments of Fntsch and Hitzig have acquainted us sufficiently with the region 
in whicli the motor center for the anterior extremity is to be sought. It is 
situated a little in front or behind the lateral end of the cruciate sulcus. 
However, one cannot hope to find uith schematic regularity that picture 
of the cerebral convolutions which Fntsch and Hitzig have drawn. The 
cruciate sulcus vanes in length and conformation, a fact which, inci- 
dentally. Fntsch and Hitzig indicate on the tuo sides of their figure. Con- 
sequently, one frequently has to search this region with the electrodes to 
find the excitable locus. In so doing the intensity of the current has. of 
course, to be increased gradually Once one has become acquainted with 
the great variety of external configurations, one finds the desired points 
quite quickly. e\en in a brain of unusual pattern On stepping up the 
intensity of the current one generally notices, first, adduction and abduc- 
tion of the and only later, activity of the extensor of the toes 

Amplitude and Course of Excitation in Medium Grades of Morphine 
Narcosis (State 1) — Tlie animals are sleeping deeply and quietly. Reflex 
movements aie not difficult to elicit, yet the reflex excitability is not 
noticeably increased. The contraction of the m. extensor digitorum com- 
munis longus elicited by cortical stimulation results in the curve dratMi in 
fig. 67, 1. This IS similar to the curve produced by the gastrocnemius of the 
frog, having a rapidly ascending and a slowly descending branch. In certain 
narcotic states — to be discussed later— the curve takes on the shape of 
fig. 67. 2. 

Schiff states that the time elapsing bet«een the moment of stimu- 
lation of the center of the posterior extremity and the beginning of the 
contraction of the gastrocnemius muscle is 7 to 11 times longer than it 
would be if tlie pathway from the center to the muscle «ere occupied by a 
homogeneous nerve fiber having the conduction rate of the sciatic nerve. 
It is tliis tardy onset of the contraction which causes him to assume that 
the electric stimulation of the cortex does not affect a motor but a sensory 
apparatus, the stimulation of which elicits first a sensation of contraction 
and only secondaril}- a movement. Franck and Pitres, who determined the 
reaction time in the same species that we used, found this time much 
longer when stimulating the cortex than when stimulating the subcortical 
white matter. In a published e.\aniple. they found it in the first instance 
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equal to 0 065 sec., and in the second instance equal to 0.045 sec — a dif- 
ference of fully one-third. This observation, which we are able to confirm, 
under conditions specified later, is of great importance, since it is of de- 
cisive value for the problem of excitability of the cortex proper It is im- 
possible, however, to reduce the whole of our observations to such a simple 
statement as these scientists used to communicate the results of their 
measurements: "Chez un meme animal” — so they say — “que Texcitation 
soil forte ou faible, unique ou multiple, la duree du retard (i.e., the reaction 
time) est toujours identique, bien entendu pour une distance egale du 
centre excite.” In different dogs the reaction time is said to differ only as 
the length of the pathway through which the excitation runs, and to vary 
within the limits of 0 05 and 0.11 sec. for the center of the anterior ex- 
tremity and the common long extensor of the toes. In its simplicity this 
statement sounds fascinating, 
but when scrutinized more 
closely it shows inherent signs 
of improbability. For it is to 
be remembered that the reac- 
tion time in stimulations of 
the cortex is the sum of the 
following times: (1) The la- 
tent time of the stimulated 
elements of the cortex — i.e., 

the duration elapsing between the moment of action of the electric current 
and the moment of the excitation generated in the elements of the cortex. 
(2) The conduction time from the cortex to the muscle, which is dis- 
tributed between (a) the pathway through the conducting (central and 
peripheral) nerve fibers; (b) the way through the intercalated ganglion 
cells (3) The latent time of the muscle. 

There is no doubt that m dogs of different sizes the first and third dura- 
tion will be the same under otherwise identical conditions. The anatomical 
details within the central organ — ^i.e., the number oi intercalated ganglion 
cells — will also be identical. The only difference, therefore, between animals 
of different sizes is a different length of the conduction pathway in the 
(central and peripheral) neiw'e fibers Now within nerve fibers a duration 
of 0 01 sec. corresponds to a length of 300 millimeters, but if a large dog 
should have a reaction time of 0.06 sec. longer than a smaller one, then 
the pathway from cortex to musde should be 1.8 meters longer for the 
former than for the latter — a figure far be 3 ’Oiid the difference in size ob- 
taining between different animals. We realize fully, of course, that our cal- 
culations contain uncertain elements; for instance, the assumption that 
the rate of conduction in central and peripheral nerve fibers is the same. 
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The French authors viorked with non-narcotized animals while we used 
almost exclusivelj’ morphinized animals. However, we performed two 
experiments on imnarcotized animals without obtaining results different 
from those obtained under morphine narcosis. All our observations, there- 
fore, leave no doubt that within certain limits the reaction time decreases 
u'hen t/ie intensity 0/ sUmuiation increases, and vice versa. 

This rule is only too frequently overshadowed by the fact that the 
e.xcitability of the central motor apparatus undergoes extraordinary varia- 
tions. especially when the animals are incompletely narcotized. Conditions 
discussed later, whose effect hitherto could not e%’en be suspected, then 
become effective. However, every senes of observations uncomplicated by 
such changes in excitability confirms the rule stated above. Since the 
amount of e.xcitation depends both on the intensity of the stimulus and on 
the degree of excitability, these two factors have to be discussed in detail. 

The Intensity of Stimulus If the intensity of the current increases 
above the amount corresponding to a minimal muscular contraction, the 
height of the contraction increases and the reaction time decreases. 

Examples Dog gt iiicdttmk sizo. iDjection 01 12 ruin morphitini hvdrochloratiim 
Deep nirco«i> — con't tni chain ol 10 'null ClrokC' elenicnl' (16-1!) \olt') — 'inple ttinm- 
htions at iDtcnaU of 8Cker.»l sccodiU 

I (icmWi Reaction Tone Height of Contrarltnn 

Sene'. Rrsi'lor (inOOI'cr) (»n nm ) 

I 2000 SO 4 5 

2-iOO 4 .) 11 0 

•2400 4 0 1C 5 

2C00 4 0 IS 0 

.1001) 3 5 25 0 

II 1400 4 75 10 

U300 4 5 4 5 

ISOO 3 0 2 S(’) 

III 1220 5 5 0 5 

1240 4 25 2 5 

1260 3 75 15 5 

The figures of these three senes clearly prove the rule just formulated. 
It IS of advantage in such experiments not to choose too many steps of 
intensity because the e.xcitability of the cortex is rapidly altered by oft- 
repeated stimulation. 

Summation of Stimuit If one stimulates repeatedly at short intervals 
with that intensity which corresponds to a minimum contraction, the 
height of the contraction gradually increases to its maximum. Each pre- 
ceding stimulus, therefore, leaves an after-effect which increases the effect 
of the following one 

This summation of stimuli deserx'es a more intense study than has so 
far been accorded it. Our obseiwations ha\e not been carried out suffi- 
ciently for a systematic study of this question. As far as they go. however, 
they justify the following remarks. 
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(1) Single stimuli, ineffective in themselves, can become effective when 
repeated sufficiently rapidly. If the intensity of the current is much below 
its threshold value, as defined by a minimal contraction, a very large num- 
ber of repeated stimuli may be necessary before contraction appears. In 
our earlier protocols (in the summer of 1880) there are many cases in 
w’hich 20'0dd, some in which 50-odd, and one case in which lOG repetitions 
were necessary in order finally to evoke a contraction. 

(2) The shorter the interval between stimulations the more easily sum- 
mation occurs. Intensities which did not lead to summation at intervals of 
3 seconds were capable of summation when the interval was reduced to 
one second. 

(3) Not only electrical stimuli leave an after-effect in favor of a sub- 
sequent excitation, but also any other stimuli which produce a contraction. 
If a reflex contraction is elicited in any way whatever, or if the animal 
spontaneously contracts the muscle used for the experiment, the electrical 
stimulus previously ineffectiie or weakly effective will immediately after- 
w ards be soniew hat more effective. 

This IS one of the reasons why all experiments are much more irregular 
m incomplete narcosis in which spontaneous movements frequently occur 
than in deep morphinization. 

If, with constant intensity of stimulation, the height of contraction 
increases as a consequence of summation, the reaction time decreases 
correspondingly. 

Exa7np!e Medium-sized dog, 12 cgin lij.drochIonc niorpliine (after 0.3 gm chlonil). 
12 Grove's elements {19 to 23 %olf8), tunable resistanee, 2000 

Siiinului Reaction Ttme Height of Contraction 


S umber {in 001 tec) {ininm.) 

1 7 5 15 

2 CO 4 5 

3 5 0 12 0 

4 4 5 17 0 

5 4 0 21 0 

fi 3 6 29 5 


However, the effect of a sequence of equal stimuli is not always as 
regular as in the example just given. Xot infrequently one observes eases 
in which after some muscular contractions — the amplitude of which gradu- 
ally increases — there follows unexpectedly a stimulus which is either en- 
tirely ineffective or at least much less effective. In other cases the effcctiie 
stimuli form small groups which are separated from eacli other by one or 
tw 0 ineffective or only very weakly effective stimuli, so that the amplitudes 
of muscular contraction rise and fall alternately. Throughout, howcier. 
the relation between reaction time and ainpHtueJo of muscular contraction 
remains reciprocal. 
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Relation of Change of Reaction Time to Change of Amplitude of Con- 
traction. Plotting on the basis of our numerous observations the reaction 
time as ordinate and the height of muscular contraction as abscissa, the 
curve obtained descends as the amplitude of contraction rises from the 
minimum (fig. CS). In the beginning (at 0.12 sec.) the curve descends very 
steeply, to become then convex toward the abscissa so as finally to approxi- 
mate 0.04 sec. asymptotically. This refers to state 1 of morphine-narcosis. 

Reaction Tunc After Removal of the Cortex. The problem arises 
whotlier the elements of the cortex are involved in electrical stimulation 
of the surface of the brain or whether the effects of these stimulations 
are merely due to aberrant currents which impinge on the subcortical white 
matter. Clues to an answer can be expecterl by comparing the reaction 
time after stimulation of the cortex and of the white matter. The first to 
do this successfully were Franck and Pitres in their frequently cited work. 
In their experiments the reaction time was distinctly shortened after the 
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cortex had been removed: in an example given, from 0.065 sec. after 
stimulation of the cortex to 0.045 sec. after stimulation of the white sub- 
stance. However, this does not constitute a definite proof of excitability of 
the cortical elements. Franck and Pitres nowhere take into account that 
the reaction time changes with the intensity of excitation expressed by the 
height of the muscular curve. Of tA\o published curves which they obtained 
by stimulating the cortex and the white matter respectively, the latter is 
distinctly higher than the former. At an abscissa of 10 mm., the curv'e cor- 
responding to stimulation of the gray matter attains a height of C mm., 
while the curv’e corresponding to stimulation of the white matter attains 
a height of 9 mm. The latter curve therefore ascends much more steeply 
than the former — a fact from which one is justified in concluding that the 
maxima of contraction (not given in the drawings of the authors) in both 
cases would show the same differences 

Since in stimulating the gray matter alone, a shorter reaction time 
corresponds to a higher contraction, the shorter reaction time after extirpa- 
tion of the cortex may be due only to the fact that the same electric 
stimulus evoked a higher contraction. 

An unequivocal proof of the influence of the cortex upon reaction time 
could only be given by obtaining entirely congruent muscular curves from 
the gray and white matter and by comparing the reaction time correspond- 
ing to these curves. In spite of many attempts, we have never been able to 
bring that to pass As a general rule the amplitudes were distinctly higher 
after extirpation of the cortex, and, concurrently, tlie reaction times were 
distinctly shorter In the senes of curves, however, which we obtained be- 
fore and after extirpation of the cortex, it is nevertheless not infrequently 
possible to find pairs of curves of the same amplitude of contraction. As 
fig 69 indicates, however, these curves show almost always a different 
course in respect to time in spite of (he fact that the maximal ordinates are 
the same. The curve (a) obtained from the cortex is more drawn out. par- 
ticularly in its descending part, than the corresponding curve (b) obtained 
from the white matter. Concomitant to this change in the form of tlie 
curve, there is a distinct shortening of the reaction time. It decreases from 
0.08 sec. to 0 035 sec. For the time being we will only conclude from thc«e 
changes that in stimulating the surface of the brain it is the cortex itself 
which IS stimulated and not the white matter that is agitated by ctray cur- 
rents, for if the latter were tlie case the effect of cortical extirpation would 
be entirely unintelligible. 

Discussion oj the Above Results Before proceeding fiirtiier. it may be 
useful to consider which part of the motor apparatus is responsible for tlie 
decrease in reaction time with increasing intensity of stimulation — a (jues- 
tion which, however, cannot be answered as well as one might wiefi. 
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far as we kno\\ at present, this may concern the muscle, or the conducting 
nerve-fibers, or. still more likely, the central apparatus. 

The muscle is probably but little concerned. As has been shown pre- 
viously by many authors, the latent time of a muscle increases with de- 
creasing amplitude. Houever. its highest value is far too small to explain 
the occasional large increases m reaction time observed in our experiments. 
Unfatigued gastrocnemii of frogs yielded latent values of 0.004 to 0.014 
sec., depending on the height of contraction. If one and the same gas- 
trocnemius was systematically fatigued, its latent time increased from 
O.OOS to 0.021. while its amplitude decreased from 10 to 3 mm. These 
figures could be compared with our values of the reaction time for low and 
high amplitudes if m our experiments fatigue played any role at all, and 
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if mammalian muscles have smiilar reactions Especially designed e.\peri- 
ments convinced us that SO to 100 contractions of the e.xtensor muscle of 
the toes, elicited between two determinations of the reaction time, did not 
measurably increase it. Our experimental (cerebral) series, how'ever. in no 
case comprised even one-fourth that number of contractions. If we add to 
this the observations of Bernstein and Sterner that the sternocleidomastoid 
muscle, exposed, cut out. cooled, and submitted to unfavorable conditions 
of nourishment, showed a latent period of 0.017 to 0.028 sec . it becomes 
clear that our high values of reaction time after weak stimulation, rising 
as they do to 0.1 sec. and more, cannot possibly be due to an increase 
of the latent tune of the muscle alone. It was not within our program 
to determine by direct stimulation of the muscle the exact amount which 
the latter contributes to the reaction time, but it does not seem to be 
more than a matter of thousandths of a second. Be that as it may. the 
high values which the reaction time may attain in cases of weak stimula- 
tion must be due to other causes. Could it be a slowing down of conduc- 
tion rate in the nerve fibers? Whether the conduction rate within these 
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fibers changes with intensity of stimulus is a debated question. However, 
the mere fact that a number of observers using the most refined experi- 
mental technique could not detect an influence of the intensity of stimula- 
tion, shows that this influence at most cannot be large, — much too small, 
m any case, to explain the enormous prolongation of the reaction time 
after ueak stimulation. 

Nothing else remains, therefore, but the assumption that this prolonga- 
tion which IS occasionally observed depends largely on the central appa- 
ratuses 111 which the excitation of the cortex takes its origin and which they 
transmit through the conduction pathway from fiber to fiber (cf. “accel- 
erated excitation,” below, and “decelerated excitation,” p. 189). 

State of Heightened Reflex Excitability (i.e,, of Accelerated Excita- 
tion) — It is now necessary to investigate the reaction time under condi- 
tions other than those considered thus far, especially under other degrees 
of morphine narcosis. 

As mentioned previously, the injection of morphine induces sometimes 
a state of considerably heightened reflex excitability (state 2) m ivhich 
the animals react to any sensory stimulus, intended or unintended, by 
widespread muscular contractions. Acoustic stimuli are particularly effec- 
tive. They make the animals wake up at once from their sleep, into which, 
how’ever, they sink back after a short while. 

In this state of narcosis the reaction time for minimal contractions is 
difficult to determine, if only for the reason that very small contractions are 
scarcely obtainable. For high amplitudes the reaction time decreases to 
0 02 to 0 025 sec — that is to say, distinctly below the average value 
obtained under a good deep narcosis. We must mention, however, that even 
in good narcosis one can obtain occasionally such low figures if the inten- 
sity of the electric current is stepped up sufficiently. But these intensities 
are certainly higher than would be legitimate if stimulation had to bo 
limited to the cortex. In the state of heightened reflex excitability electric 
currents of low intensity are sufficient to lead to such short reaction times. 

These imniinal values for the reaction time are of no small interest. 
In medium-sized dogs — which we generally used — the distance between 
tiie focal region for the front leg in the cortex and the m extensor digi- 
torum communis longus is about 400 mm. Within the motor nerve fibers 
excitation travels at the rate of about 30 meters per second. If the whole 
nervous pathway from the surface of the brain to the muscle consisted of 
nothing but myelinated fibers, excitation initiated at that surface would 
arrive at the muscle after a duration of 00133 sec. Supposing, further, 
that the latent tune of the muscle is O.OI see., wc would obtain — still 
adhering to our first set of assumptions— a reaction time of 0 0233 ^ee.. 
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a figure exactly equal to that which we found for our minimal value. In a 
state of medium narcosis it was shown by extirpating the cortex that it 
must contain elements in which the excitation rises more slowly than in the 
subcortical white fibers. The figures just given show that the delay which 
the excitation normally undergoes in the cortical elements maj’ under cer- 
tain conditions be reduced to a imninium or completely abolished. A defi- 
nite demonstration of delaying or inhibitor}' processes will be given later 
in a much more conclusive manner. Suffice it to remark here that such an 
inhibitory action is not due solely to cortical dements, for. if that were so. 
e.xtirpation of the cortex would invariably decrease the reaction time to its 
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minimum of 0.02 sec., but that is by no means always the case. We 
would therefore hardly be wrong in the assumption that the ganglion cells 
intercalated in the pathway of the conducting nerve fibers constitute an- 
other mechanism for the delay of the muscular reaction, and that the effect 
of these cells also vanishes in state 2 

State of Decelerated Excitation — The opposite of the narcotic state 2 
(i.e., state 3) is one which we cannot induce with certainty by changing 
the dose of morphine. We can only say that that stage occurs generally 
after large doses, and only after some time. It is characterized by an ex- 
traordinary delay of the process of excitation (see fig 70a). The reaction 
time becomes very long (m the example given, 0 17 seconds), the curve 
ascends verj' gradually, just as in a slowly waxing tetanus, and shows a 
very long duration. 

When the cortex is extirpated (fig. 70b), both the reaction time and the 
total sweep of the curve become appreciably shorter. This phenomenon 
affords drastic demonstration that m the stimulation the cortical elements 
are invohed and that they do influence the reaction time. We wish to em- 
phasize, however, that after extirpation of the cortex the curves are not 
always as much shortened as in the example of fig. 70 — a fact which goes 
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to show that under the influence of certain doses of morphine the reaction 
may be delayed within the subcortical ganglia also. 

In state 3 the usual connection between reaction time and amplitude 
of contraction cannot be demonstrated. Quite frequently cases occur in 
which both values change in the same direction, so that a higher amplitude 
is associated with a longer reaction time. Everything goes to show that in 
state 3 the cortical elements are excited under very complicated conditions. 
Other similar cases will be discussed later. 

Influence of Sensory Stimulation on the Process of Excitation — 
After having repeatedly determined the reaction time in a dog, we exposed 
and cut the sciatic nerve. Immediately after this operation the reaction 
time was appreciably prolonged, the amplitude of contraction decreased, 
and the curve of contraction expanded. Since then ne have observed in 
many, but not in all, experiments the same phenomenon as a consequence 
of mechanical stimulation (pulling) of the sciatic nerve. 

Example Small dog, 11 morphine Ii>drochIonde column of 10 Gio'c’d (16 

to 19 volts), \ariable resistor, 1160 

SltmiiUilton Reaction Ttme Amphtiule of Con- 
Senes of Cortex (m 00! sec) traction (in mm ) 

I 1 3 5 33 

2 3 5 31 

3 3 0 35 

(I'lilltrig of <Sci<l/lC A'crtc) 

4 12 0 10 

5 0 25 50 

f. 8 0 IG 0 

7 7 5 18 0 

8 7 0 23 0 

9 6 5 /off 

10 5 5 ( scale 

II 1 4 6 35 5 

2 4 0 38 0 

{Pulling of Sciatic Kent) 

3 ' 10 0 7 5 

4 9 5 9 0 

6 9 0 14 0 

6 8 5 17 5 

111 [aflerapaui,e) 1 4 0 31 5 

2 4 0 37 0 

{Pulling of Setahe A'me) 

1 12 0 2 .5 

2 8 0 no 

3 SO 15 5 

4 7 75 21 0 

5 6 5 19 OD 

Obviously, pulling of the sciatic nerve changed the internal conditions 
of the motor centers. Excitation rises more slowly and to a lee«er intensity 
than before the sensory stimulus. This change disappears after a tune, since 
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the muscular contractions occur more quickly and with greater amplitude 
upon subsequent stimulations. 

A very similar phenomenon is obser\ed if. during a senes of cortical 
stimulations, the abdomen is vigorously compressed. 


ilosr. li 

:ible re'ut,incc, 1000 

\ 

S 

4 

(r<jiirous Coinittfg^tou i ^ 

o/.lMomwO I » 


igm mori'liinf . 10 G^o\c^ tl6 to 

Ruiciion Ttmt im()lilntli of Cou~ 
<iM OOl «« ) Iniction (in mm ) 
bo 10 

4 o 15 0 

.1 3 .’() .') 

3 ».> 31 0 

7 .5 0 

7 5 11) 

0 0 4 0 


15) \olb), \ari- 


The effect seems to depend partly on the degree of narcosis, but still 
more on the intensity of the sensorj* stimulus- If the animal is in state 2 
it is impossible to influence the process of evcitation of the motor centers 
through a sensoiy stimulation. Also if the sensory stimulus is very strong 
there will be no effect, or even the opposite effect — namely, an increase of 
amplitude and a decrease of the leaction tune. This effect nas observed 
uhen during a series ot cortical stimulations the sciatic nerve uns stimu- 
lated by rather strong electric currents and the muscle Irequcntly con- 
tracted reflcNly. 
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Deductions from the Facts So Far Reported and Further Facts Con- 
cerning the Excitability of the Cortical Substance — A number of the facts 
so far reported furnisli. to our mind, a definite proof that electric stimula- 
tion of the cerebral cortex at the loci descnberl by Fritsch and Hitzig e.xcitcs 
the cortical elements proper and not the elements contained in the untler- 
lying nliite matter. For if the latter alternative were true, it should not 
make anv dift’eiencc. so far as the temporal se<iuetice of excitation and the 
shape of the muscular cur\e is conccnied. nhether the electrodes arc put 
onto the surface of the brain proper or. after extirpation of the cortex, on 
the expcncxi white matter. We have shonii. houever (partly confirming 
Franck ami Pitres) that the reaction time as well as the duration of the 
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muscular twitch is shortened w'hen the cortex has been removed. Only in 
state 2 it does not matter whether the cortex js present or absent, and the 
reaction time is the same m both cases and is minimal. In state 3, however, 
the excitation m the cortex rises more slowly and disappears more slowly 
than in the fibers of the white matter. It is thus beyond doubt that the 
gray matter influences the process of excitation, and this must obviously 
be due to some activity of these verj' elements. The cortex must play a role 
other than only that of a moist conductor of stray currents reaching the 
ivhite matter. We cannot yet define more clearly the nature of those 
processes which go on within the cortical elements. We have a feiv times 
encountered animals m deepest narcosis in which it was impossible to elicit 
muscular contractions from any points on the surface of the bram, even 
when using much stronger currents Yet w'hen the cortex was removed, very 
weak currents through the white matter sufficed to elicit a contraction. 

Examples' Experiment of February 17, 1881. A small dog which re- 
ceived 12 cgm of morphine yielded no muscular contractions from the sur- 
face of either the left or the right hemisphere when a series of six Grove’s 
(10 to 12 volts) were used with all the variable resistance in. Even when 
metal electrodes were used instead of nonpolarizable thread electrodes in 
order further to reduce resistance, the results remained the same The left 
cortex was then removed. The white matter reacted easily after putting in 
only 500 mm. of platinum wire of the variable resistor, while the surface 
of the right hemisphere was still entirely refractory. 

Experiment of March 18, 1881. In another dog 10 cgm of morphine were 
given subcutaneously and afterwards 18 cgm. intravenously. The surface 
of the left hemisphere did not respond to 12 Grove’s (10 to 23 volts) at a 
resistance of 10,000 The white matter responded at a resistance of 370. 

It would, of course, be of great interest to induce with certainty this 
functional obliteration of the cortex w'hich we have unexpectedly found 
in cases of very deep morphine narcosis However, determination of the 
precise doses of morphine required to induce certain states meets witli 
unsurmountable obstacles Individual differences of the animals are a great 
obstacle, as they cause marked variation in the response to morphine 
Furthermore, morphine does not have cumulative effects when given m 
successive doses. However, it is possible to get at least approximately the 
desired result by means of chloral. 

In a dog which had been given 12 cgm. of morphine, a subsequent do'e 
of OG chloral hydrate causerl the excitability of the cortex to decrease to 
such a degree that it failed to react to the current doli\crcd from 12 small 
Grove’s (19 to 23 volts) with all resistance in. However, when the non- 
polarizable thread electrodes wore replaced by metal electrodes, a very 
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slight motor reaction ^\as clieitetl. After the cortex had been removed a 
resistance of S70 sufficed to elicit maximal contractions. In another dog in- 
jection of 0.14 morphine and 0.1 chloral lead to a state in which 12 Grove's 
with a resistance of 11.000 elicited no reactions, and with a resistance of 
15,000 elicited only minimal reactions from the cortex Stimulation of the 
white matter elicited maximum contractions with a resistance of as low as 
500. A third animal ^\as given 0 12 morphine and 1.05 chloral. The motor 
region of the left hemisphere was rendered entirely une.xcitable for a cur- 
rent of 12 Grove's (19 to 23 volts) with all resistance in. The white matter 
yielded powerful contractions at a resistance of 2000. An increase of chloral 
finally made stimulation of the uhite matter ineffective. 

The facts just given allow, to our minds, of only one interpretation. 
They demonstrate the excitability of the gray matter itself, for after certain 
amounts of morphine and chloral, currents of the order of intensity which 
were generally effective m our experiments, and even much stronger cur- 
rents, lose their efficiency when applied to the surface of the brain, while 
at the same time the white matter remains highly excitable Under normal 
conditions, therefore, it is unpossible that stray currents impinging upon 
the white matter arc responsible for the effectiveness of the currents ap- 
plied to the cortex Moreoxer. these stray currents should be effective at 
the degrees of narcosis just described, which they are not, in spite of the 
high excitability of the white matter 

This remhtcls one of the behav tor of the beam during the first days after 
birth, at which time, according to Soltmann. the cortex does not react to an 
electric current, while the white matter is easily excitable 

Some Observations on Epileptic Fits Following Electric 
Stimulation of the Brain 

Too frequently our expertnicnts were interrupted by epileptic fits 
which, however unwanted, gaxe us an opportunity to observe this phe- 
nomenon. the subject of so many previous investigations. Since they 
furnish proofs for the cortical origin of motor stimulation, we believe we 
are justified in reporting on our observations. They are not exhaustive but 
merely meant to supplement the numerous observations of previous in- 
vestigators. 

As is well known, after stimulation of a given point of the motor cortex, 
the epileptic seizure spreads iii an almost constant sequence to the dif- 
ferent parts of the body. After stimulation of a point on the left hemi- 
sphere. which in the right hemisphere led to closing of the eyes, the muscu- 
lar contractions appeared generally m the following sequence (which, by 
the way. has repeatedly been observed by other authors) : right eye. left 
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eye, right anterior extremity, left anterior extremity, posterior extremities. 
In addition to this, inspiratory seizure and profuse salivation appear. At 
times all muscular groups of one side are affected before the seizure spreads 
to the other side. 

Under certain circumstances the muscular hutches which occur vithm 
a certain group of muscles may be restricted to that group and disappear 
after a while; in the majority of cases, however, the seizure spreads over 
the whole body in the uay just descnbed, loses its clonic character, and 
goes over into a tonic form which once more leads to clonic contractions as 
the seizure disappears. IVc cannot answer in a few words the question in 
which part of the central nervous system this stimulation of unknown 
nature takes place. The first point of origin undoubtedly lies in the cortex, 
which IS subjected to an artificial stimulus primarily. It is here that proc- 
esses take shape which at first lead to clonic contractions in the correspond- 
ing groups of muscles and which soon cause similar processes in the motor 
centers of the other muscle groups in the sequence just described. Just as 
the stimulating process in the primarily excited center is started by an elec- 
trical current, but then develops spontaneously under the influence of the 
previous artificial stimulus and goes on by itself after the electrical current 
has ceased, so it appears to develop in the centers uhich are secondarily 
excited. At first there is a concomitant stimulation caused by the center 
primarily activated, but in the course of the epileptic seizure the excitation 
becomes independent of that of the primarily excited center. The motor 
centers of the cortex are the first i« which this secondary activity develops, 
but later the subcortical motor apparatuses also develop such activity. For 
this sequence of events the following facts furnish evidence. 

According to Munk, it is possible to stop an epileptic seizure caused by 
stimulation of a certain part of the gray matter if the stimulated part of 
the cortex is extirpated at the right time; if, however, the seizure has been 
established for some time, such an extirpation will no longer interrupt it. 
From this it follows that (1) the primary scat of the excitatory cause is m 
the stimulated cortex; (2) during the seizure other cortical and subcortical 
motor centers are brought into a state of excitation which is independent 
of that of the primarily stimulated locus. 

To Munk's observation we are able to add the following one: If the 
seizure has only lasted for a short time it is often possible to save one ex- 
tremity from the fit by extirpating its cortical center, wltile the rest of the 
body keeps on being shaken by the most violent convulsions. At that time 
the other cortical centens arc obviouslj’ already the seat of .self-sustained 
excitation, for after local destruction of the cortex the sei/vircs are stoppc<l 
only locally; but flic subcortical motor centers arc not yet in self-sustained 
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excitation, for, if they were, extirpation of the cortex would not have a 
locally calming influence. 

In other cases it is possible to stop the convulsions altogether by swift 
extirpation of the whole motor cortex of one side. It does not matter 
whether the extirpation is made on the side primarily stimulated or on 
the opposite side. Obviously in such cases e.xcitation is still restricted to the 
cortex. Every motor region exerts an excitatory influence not only on the 
corresponding muscle groups of the contralateral side of the body but also 
on the motor cortex of the other side. When this influence is removed, 
excitation becomes so small that it very soon vanishes. 

In a third senes of cases the general convulsions go on even if the motor 
region of one hemisphere is completely excised. In such cases the subcorti- 
cal motor apparatus must already have become the seat of self-sustained 
excitation. 

The first point of origin of the motor excitation lies, therefore, un- 
doubtedly in the cortex. At first it is restricted to the locus of the artificial 
stimulus. From there stimulation spreads m the cortical centers sym- 
metrically on botli sides — at first as concomitant excitation, later as 
self-sustained e.xcitation; finally e.xcitation becomes self-sustained in the 
subcortical motor centers, too. Albertoni reported that, even after removal 
of the cortex, stimulation of the white substance can cause epilepsy — a 
fact nhich nas nrongly denied by Franck and Pitres. This seems to speak 
against the conception that the point of origin is in the cortex. We too have 
several times observed an outbreak of epileptic fits after stimulation of the 
white substance, but we have always observed a sequence different from 
that generally seen. 1^'hile stimulation of the cortex of the left hemisphere 
led to contractions first of the muscles of the right side of the body, stimu- 
lation of the white substance of the left hemisphere caused first a contrac- 
tion on the left side of the body. Sometimes this contraction remained 
restricted to that side; .sometimes — and that more frequently — the contrac- 
tions passed on to the right side of the body. This sequence of events indi- 
cates that the excitation began m the motor centers of the right cortex, 
which became excited through the association fibers in the white matter, 
which in their turn were stimulated on the left side. That this is the right 
interpretation can be proved bj' the fact that stimulation of the nhite 
matter after bilateral extirpation of the cortex never led to an epileptic 
seizure. 

From this last obseiwation it also follows that the subcortical motor 
centers can be brought into the state of e.xcitation necessary for sustaining 
epileptic seizures only by way of the cortex The cortex of each hemisphere 
is able to induce a state of e.\citation in the subcortical centers of both sides 
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of the body. This state is first induced in those of the opposite side of 
the body, and later, probably via the contralateral subcortical centers, in 
those of the same side. 

When viewing the peculiar manner in which epilepsy begins and gradu- 
ally spreads out, one may gam a few hints for the understanding of this 
process. It always begins as a series of contractions of a certain muscle 
group, slight at the start but gradually mcreasmg. It seems, therefore, that 
the central excitation which elicits the first contraction increases the ex- 
citability of the center to such an extent that a secondary stronger process 
of excitation ensues in that center, that this second excitation creates a 
third one which is still stronger, and so on; m short, that each stimulation 
becomes the cause of the increase of the following one. We have a complete 
analogue in the electric stimulation. Even if stimulation is effected by cur- 
rents which at first are not strong enough to elicit a contraction, every sub- 
minimal electric stimulation, nonetheless, causes changes in the motor 
center which makes the following one more effective, until finally a con- 
traction IS elicited w'hich is weak in the beginning but w'hich increases with 
the number of stimuli. Once the contractions of that muscle group, the 
center of which was originally excited, have attained a certain maximal 
height, contractions spread out to other muscle groups in n sequence similar 
to that observed in epileptic seiaures There is only one difference betw’con 
the general contractions which can be evoked by repeated stimulation of a 
given cortical center and the pathological epileptic seizures which originate 
m the cortex. In the first case an artificial stimulus is applied; in the 
second case certain local changes, such as inflammation, pressure, etc., act 
continuously. But w’hen this continual stimulus happens to reach such an 
intensity that it actually evokes excitation, the process of excitation be- 
comes m turn the cause for increased excitability, initiating the sequence 
of events just described. 

II. INCREASE OF EXCITABILITY AND INHIBITION 
OF EXCITATION IN THE MOTOR CENTERS 

Increase of Excitability by Tactile Stimuli 

In the previous chapter we discussed the influence of stronger sensory 
stimuli on the excitability of the motor centers. It was shown (pp. 190-191 ) 
that mechanical or electrical stimulation of sensory nerve trunks or com- 
pression of abdominal viscera exert a powerful influence on the state of 
excitability of the motor centers. With equal stimulation of the centers 
immediately after such manipulations the muscle curve becomes lower 
and more drawn out and the reaction time increases. Only when, after 
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exceedingly powerful sensory stimub, vnid reflex muscle contractions occur 
does the excitability appear to be increased. For both phenomena there are 
enough parallels in previous physiological experiences. The inhibitory 
action of strong sensory stimuli on the motor centers has been the subject 
of many iinestigations, and it has frequently been observed that previous 
motor excitations facilitate the effect of consequent stimulation. 

There are no parallels, however, for observations which we could make 
about the surprising influence of very weak tactile stimulation upon the 
excitability of the motor centers. The peculiar character of these phenom- 
ena will justify the fulsonieness with which they are reported. In what 
follo\ss we shall define with Fechner the threshold as that value of the 
stimulus which, impinging upon the motor centers, elicits a minimal 
muscular contraction. IVe shall call subminmial excitation the intensity of 
a current slightly weaker than that near the threshold The fact which we 
obseiwed can be expressed by saying that m a certain state of morphine 
narcosis o sxibminirnal excitation bcconics poiverfnlly effective i/, shortly 
before its application to the motor centers, the skin of certain parts of the 
body is subjected to lightest tactile stiniulation The dose of morphine must 
be chosen so that the animals he quietly m a deep sleep However, the ex- 
citability of the cortex must not be completely abolished (cf. p. 191) The 
state of increased reflex excitability (state 2. p ISS) cannot be used. 

Under the appropriate degree of narcosis, one determines the value of 
subminimal excitation for the cortical center of the right foreleg. Certain 
precautions must be observed. It is necessary to begin with low intensities 
and to increase these gradually by means of the variable resistor One 
stimulates at intervals of 4 to 5 seconds until one obtains minimal con- 
tractions. Then the moving contact of the variable resistor is pushed back 
again to a position which is certainly ineffective. To avoid summation of 
excitation, the exploratorj' stimulations must not follow each other too 
fast (cf. pp. 1S3-1S4). For similar reasons one must not search for submini- 
mal intensities by beginning with high intensities and decreasing the inten- 
sity until contractions disappear, for previous strong excitations of the 
centers increase their excitability, so that in decreasing the resistance in- 
tensities are still effective which without these previous excitations would 
be entirely ineffective Proceeding in this way. one would find a threshold 
value too low and. tlierefore. a subminimal intensitj’ which would also be 
too low. When the subminimal stimulation has been determined, and found 
stationarj' in trials repeated at inten'als of several seconds, it is only ncces- 
sar>’ to stroke with one’s hand, and only once, the skin of the paw whose 
cortical center is stimulated, to find immediately thereafter that the same 
current is gre.atly effective. This increase of e.xcitability lasts for a few 



198 


The Precentral Motor Cortex 


seconds and then disappears. Occasionally the effect of a single light stroke 
IS only slight, so that the current previously ineffective becomes effective 
but leads only to a low contraction. In such cases repetition of the tactile 
stimulation leads generally to further increase of contraction. The curve of 
fig. 71 represents what has just been said. The lower line drawn by an 
electromagnet marks at 1, 2, 3, . . . 8 the single stimulations. Their effects 
are shown on the upper line. The first stimulation was ineffective. Immedi- 
ately before the second one the skin of the paw w'as stroked (marked by 
str.), the stimulation became effective but the increase of excitability was 
small, and the third stimulation was again ineffective. Immediately pre- 
ceding the fourth stimulation the skin of the paw w’as touched lightly once 
more. This time the increase of excitability ivas more pronounced, for the 
contraction was high and lasted longer, the response to the fifth stim- 
ulus was appreciable and the sixth stimulus w'as still slightly effective. Re- 
newed stroking immediately before the seventh stimulation caused the 
contraction again to increase appreciably, etc. The intervals between the 
single stimulations were at least four seconds (betw-een 1 and 2) and were 
generally longer. 

It is, incidentally, unnecessary to have such complicated apparatus in 
order to demonstrate the fact U'hich interests us here. The effect is a per- 
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fectly obvious one, so that one can perform the experiment very success- 
fully on the whole paw without isolating a single muscle. “It is just as 
though the dog had to be told to raise its paw.” a student very properly 
remarked when he saw that a current previously ineffective led to a power- 
ful contraction immediately after a slight touch on the paw. 

The excitability of the motor centers of the forepaw' is affected not only 
by tactile stimuli to its own skin but also by tactile stimuli applied to the 
skin of the abdomen or chest of the same sule, although these latter stimuli 
do not act with the same uniformity. Stimuli applied to the other side of 
the body have never been obsen'cd to be effecti\e. 

To the question which immediately poses itself — i.e.. whether the in- 
crease of excitability should be ascribed to the cortical or to the subcortical 
motor centers — a definite answer can be given only in part, for entirely 
similar experiments made after ablation of (he cortex still yielded a posi- 
tive result. It is. however, more difficult to obtain this result, since it is 
harder and more time-consuming to get an e.xact anatomical localization 
on the cut surface of the white matter. Moreover, hemorrhages issuing 
from the cut surface often render stimulatory experiments difficult. 

It follows that these tactile stimuli affect the subcortical motor centers. 
It IS uncertain, although probable, that they also influence the excitability 
of the cortex if that organ is present. 

Inhibition of Excitation by Sensory Stimuli 

A number of other facts which can also be demonstrated under a similar 
degree of morphine narcosis are apparently in direct contrast to the phe- 
nomena just described. To our mmd the most important phenomenon is 
this: all muscular actions of the animal become of a tome nature. If after 
pressure on the paw the animal lifts that paw, the extremity remains for 
some time lifted and sinks down verj' slowly and hesitatingly. When the 
tendon of the common long extensor of the toes has been coupled with the 
recording apparatus, and when in any way whatsoever a reflex contraction 
of the muscle has been evokeil, the writing device continues to record a 
tonic contraction of the mnscle or else rccorxls a curve the ordinate of 
which decreases very gradually. Tlie same phenomenon of tonic contraction 
appears if the muscle becomes cxcitctl concomitantly with deep inspira- 
tions. Similarly, contractions evoked by stimulation of the cortical center 
remain for a long time, particularly if the stimulation is repeated several 
times at short intervals. The first twitch leaves a small, the second one 
a somewhat larger contraction, until after four or five stimulations the 
muscle remains permanently and powerfully contracted. Thus all stimuli 
which under normal central conditions evoke only fleeting excitations, lead 
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now to the development of a persisting state of excitation. We have fre- 
quently observed that a strong sensory stimulus— for instance, a pull on 
the sciatic nerve — led to that desired central condition even when the 
morphine narcosis had been insufficient to bring it about. 

WTien in some way or other the muscle had been subjected to a state of 
permanent contraction, and when one then stroked lightly over the skin 
of the back of the paw, relaxation suddenly occurred. Either the muscle 
became fully elongated at once or, after a single tactile stimulus, suddenly 
elongated to a smaller or larger fraction of the total amount of its previous 
contraction. Repetition of the stimulus led to a further relaxation, until the 



muscle was completely relaxed. In view of the great interest which these 
phenomena command, it may be permissible to report some of our ex- 
periments. 

Figure 72 w'as recorded on a very slow drum. At » electrical stimulation 
of the cortical center evoked a muscular twitch and a considerable lasting 
contraction. This contraction w'as increased by another stimulation (at P) 
by the amount PP'. The muscle relaxed spontaneously very slowly {P'-y')- 
At y' the paw was stroked. This produced a sudden relaxation, so that the 
muscle became even slightly longer than it had been before the first stimu- 
lation. This latter phenomenon recurs in later examples. It was due to the 
fact that, under the degree of wvorpl^ine-narcosis used here, slight contrac- 
tures were very frequently present before the first stimulation. At 8 the 
paw was squeezed forcefully: reflex contraction (88'). The muscle remained 
shortened. At and T stroking of the skin of the paw: the muscle elongated 
at first by the small amount «'*, the second time by the larger amount 

Figure 73. At « reflex contraction was evoked by strong rubbing of the 
abdominal skin (“/?). During the slow relaxation, tactile stimulation of the 
skm of the paw at y' resulted in rapid partial elongation (y'y), and then 
slow further elongation (y8). At 8 reflex increase of the contracture (88') 
by strong squeezing of the paw. At « slight stroking of the skin of the paw 
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produced immediate complete relaxation (eO- At Z once more reflex con- 
traction. at ij' completely released by stroking of the skin of the paw. 

Figure 74. At « evoking of a reflex contracture (aa')- At P', after tactile 
stimulation of the skin of the paw, the muscle suddenly increased its length 
by the amount iS'/3. but then became again slightly shorter — not a rare 
phenomenon. Repeated stroking of the skin of the paw (y'-S'-t') evoked 
each time a partial elongation until finally the muscle was completely 
relaxed. 
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Figure To. At « and y reflex contractions were evoked. At P’ and 8' they 
were suddenly released nhen the face of the dog nas forcefully blonn at. 

Slight tapping on the nose, acoustic stimuli, or very n-eaf: electrical 
stimulation of the sciatic nerve are just as eflfcctive as slight tactile stimu- 
lation of the skin or blowing on the face. With electrical stimulation of the 
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sciatic nerve one has to be extremely careful in order not to go above that 
intensity of current which is just efiFective. Between the secondary coil of 
the inductorium and the electrode applied to the central end of the right 
sciatic nerve, we put a key in senes and then very slowly decreased the 
coil distance while the muscle was m contraction, opening the key momen- 
tarily after each step of approach. In this way one arrives at a position at 
which the contracted muscle relaxes. Pushing in the coil somewhat further, 
one can easily find another intensity of current which does not lead to a 
relaxation but to an increase of contraction. 

Obviously various weak peripheral stimuli are capable of stopping tome 
excitations of the motor centers, but which centers are thus affected, the 
cortical centers or the motor mechanisms at lower levels? We can say this: 
in a number of cases in which every contraction of the muscle becomes 
tome, this phenomenon ceases after extirpation of the cortex. In other cases 
it remains undiminished Then the weakest peripheral stimuli have an in- 
hibitory effect. Thus, the motor apparatus of the cortex, as well as that 
at lower levels, appears to be subject to that peculiar state in which transi- 
tory actions cause persistent excitations. 

Finally, it has to be mentioned that we have met with some, although 
only a few, cases in which persisting contractions could easily be evoked 
but in which relaxation could not be brought about. We are unable to 
define more precisely the conditions of such negative experiments. 

Inhibition of Excitation by Central Stimulation 

It is well known that we are able not only voluntarily to innervate our 
muscles but also voluntarily to put muscles out of action The question, 
however, whether the voluntary interruption of muscular activity is due 
simply to the cessation of impulses from the motor centers or to positive 
antagonistic effects which inhibit the action of these motor centers, has 
hardly ever been seriously considered and much less subjected to experi- 
ments The observations reported m the last paragraph sliow that it is in- 
deed possible to evoke from the periphery antagonistic effects, putting 
motor centers out of action. These peripheral stimuli were surprisingly 
small; in fact, much smaller than those which elicited activity of the 
centers from the same receptor apparatus. The foregoing observations 
necessarily lead to the question whether slight direct stimulation of the 
motor centers might not act in a way similar to slight peripheral stimuli 
and terminate an excitatory state. 

Experimentation gave a positive answer. If either roflexly, or by a 
strong electrical stimulation of the cortex, a continuous muscular contrac- 
tion w as induced, it could be relea*«d by a much smaller stimulation of the 
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self-same cortical point. This occurred either completely after a single 
stimulus or in steps after repeater! stimuli. 

Figure 76. Ten Grove’s (16-19 volts) in senes. Position of variable re- 
sistor at 1000. Stimulation of the left center for the foreleg at a, shortening 
of the muscle by the amount aa'. When relaxation began, reneued stimu- 
lation at b, and contraction by bt/, very gradual descent of the curve from 
b' to c'; at c' stimulation of the same cortical point (on which the electrode 
had immovably rested) at a position of the variable resistor at 350: imme- 
diate elongation by c'c. 


r 




Figure 77. The curve was taken from the same dog as in fig. 76. It 
began while the muscle was still a little contracted by a previous stimula- 
tion. At a stimulation with the variable resistor at 1000: contraction aa'. 
which apart from a small transUorj' oscillation (at o) remained constant 
until b. At 6, c, and d repeated stimulations; after each stimulus the con- 
traction became stronger and then descended very slowly to e'. At e\ 
ff', and h', stimulations with the variable resistor at 300. After each stimu- 
lation sudden elongation until finally the muscle was more completely re- 
laxed than at the beginning of the curve. 

Since in all e.xperiments constant currents of short duration were em- 
ployed, one might be tempted to seek an e.xplanation for the inhibitory 
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effect of these currents m electrotonic effects by \\hich some ner\e-fibers 
connected with the cortical centers might be affected. However, the same 
inhibitory effect can with sufficient caution be obtained b}" alternating cur- 
rent. This may be done in two ways. At a suitable distance betueen mov- 
able and primary coils a contraction may be elicited by allowing the in- 
duction currents to go through the cortex for about tu o seconds. It is often 
possible to release the contraction at the same position of the movable coil 
if the key between the secondarj' coil and the electrodes is opened just 
momentarily so that only a few pulses impinge on the cortex. In other cases 



it becomes necessary' to diminish the intensity of the induced current in 
order to obtain the desired effect. The folloning example was chosen be- 
cause it IS interesting for more than one reason. For n ith all methods to 
release contractions it happens now and then that the muscle relaxes at the 
moment when the inhibitory stimulus is applied but contracts again im- 
mediately afterwards. One obtains then curves of the peculiar configura- 
tion shown in fig. 7S. 

At the beginning of the curve the muscle was still fairly strongly con- 
tracted Upon stimulating the center by an induction current (at a) the 
contraction became vastly increased {aa'). At h’, d , d', c' , /', g’, a few in- 
duction pulses are sent through the cortex by moinontanly opening the 
key. Each time there occurred a sudden relaxation and then a renewed con- 
traction. but each time the contraction became smaller than the previous 
elongation, so that finally the muscle relaxed completely. Without going 
beyond statements of fact, it can only be said that stimulation of the same 
cortical point either elicits excitation of the motor center or removes an 
existing excitation, depending on the intensity of the current eniployeil. 
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But it remains entirely problematical whether the same or different ana- 
tomical elements of the cortex are involved in both processes. It could be 
argued that in the same region of the cortex there exist on the one hand 
excitatory cells and on the other hand inhibitory cells, and that with 
stronger stimuli the effect of the former, but with weaker stimuli the effect 
of the latter, predominates Or one might assume that within the same 
ganglion cells stimulation of different intensity evokes processes of dif- 
ferent kinds But things become still more complicated’ inhibition of con- 
tractions can be induced not only by electric stimulation of the same 
cortical points which at stronger stimulation evoke these contractions, but 
also by stimulation of any other parts of (he cortex if only by careful trial 
the proper intensity is found — a matter of great patience on the part of 
the experimenter We have tested in that respect the most diverse points 
of the anterior as well as the posterior brain It is true that on the basis 
of these experiments one could still argue that m stimulating a region of 
the cortex far from the motor centers, stray currents may go from the point 
of stimulation to that center and may thus induce the inhibitory effect 
in the same manner in which very weak currents directly applied to that 
center act. It is hardly possible to refute this argument completely, yet 
it can be made very improbable by the following observation. A dog was 
given 13 cgm morphine Contractions of the extensor chgitorum communis 
longus could be relaxed from the center for the foreleg by using 8 small 
Grove's (13-15 volts) with the \ariable resistor at 165. The same result 
could be obtained from the antonoi part of Munk's visual sphere [prob- 
ably area 19 — trans ] with the resistor at 2000. At this latter point a piece 
of the cortex (of the size of a one mark piece (slightly larger than a quarter 
of a dollar] ) was cut out by a flat cut with a scalpel, and was then replaced 
as evenly as possible on the cut surface When electrodes were applied once 
more at this point, the contractions could no longer be relaxed, not even 
with maximum resistance, and that m spite of the fact that appreciable 
stray currents reached the motor region as shown by a frog's leg used as an 
indicator. Thus after disrupting the anatomical continuity but not the 
physical conductivity, enormously increased currents were ineffective, while 
with intact anatomical continuity much weaker currents brought about 
that effect. It follows with at least great probability that the release of 
contractions from the various parts of the cortex is due to a stimulation of 
these very regions which exert an influence on the motor apparatus by way 
of association fibers. This probability is heightened by the circumstance 
that contractions are relaxed by the most diverse sensory stimuli, for 
these sensory stimuli undoubtedly affect first of all the cortical areas be- 
longing to them. It IS only from these that the motor apparatus can 
be affected. 
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III. SOME CONCLUSIONS FROM THE 
EXPERIMENTS HERE REPORTED 

Concerning Central Processes in Motor Excitation 

\\ e are well aware that (he obser\’ations reported in the first two 
chapters are still far from giving us even a partial insight into the proper- 
ties of the motor centers of the brain. On the contrary, we have empha- 
sized that our conceptions of the nature of a motor center are thus far 
entirely fragmentary, nay, almost meaningless.® Our first experiments vere 
concerned with the question of the localization of the cerebral motor 
centers, whether such centers existed m the cortex (which some authors 
deny) or whether they were present only in some subcortical part. We con- 
cluded that the gray matter was verj' definitely a mediator of motor im- 
pulses. In the first place, the temporal sequence of the excitation (reaction 
time and shape of the curve) is generally different when it is the cortex 
than when it is the white matter that is stimulated. Secondly, at times the 
cortex becomes refractive even for verj' strong currents, while the subjacent 
white matter reacts vigorously to much weaker currents. Thirdly, epileptic 
seizures were shown to have their point of origin in the cortex although, 
as they progress, subcortical centers can become springs of excitation. 

We do not wish to enter into a discussion of the nature of the impulses 
issuing from the cortex — a discussion which at present could not be brought 
to a conclusive end. Nonetheless, we would like to mention a conception 
advanced by several authors merely in order to emphasize its questionable 
value. Following Meynert and Wernicke. H. Munk maintains that move- 
ments are induced from the cortex only by "motor images’' which originate 
111 the cortex and that "with (he origin of a motor image of a certain inten- 
sity that particular movement is immediately executed if it is not inhibited 
from somewhere.” Drawing the full consequence of this conception, Wer- 
nicke. in his excellent textbook on (he diseases of the brain, has pronounced 
the opinion that the electric stimulation of the cortex in its motor regions 
at first "evokes memory images of movements, motor images which evoke 
complex muscular effects by centrifugal fibers issuing from the ganglion 
cells which are involved.” Quite apart from any other consequences, this 
conception seems to run foul of the results of our experiments. For we have 
reported that electric stimulation of the same cortical point either induces 
mo\enient or inhibits a movement induced in some other way — depending 
entirely on its intensity. Should the electric current evoke in the first ca«e 

’Quite rccrntl\ Cliri-tuni the attempt to define jii.uliem itic iin the nifiirr of the 

P-\chomechinic rentnl .ii'i'initii* We «hiH hoe to mif for ht< iiinrc evten-oe puhlKition 
before the of thii author c.m be compirrd with the iiewpomt- to be (Ie\eloi>e.I fiile 

«equ''ntl' , 
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the image of a movement and in the second case the image of quiescence? 
It would be hard to find anybody who would dare to answer this question 
affirmatively. 

In any event, investigations of the physiological processes in the brain 
should ignore as much as possible the contents of consciousness correlated 
with these processes if their goal is to interpret physical events. Whether it 
is an image or whether it is the will Avhich induces a movement, in either 
case the psychic process w ill go ham! in hand w’lth a physical process in the 
cortex. It is this phj’sical process which is the immediate cause of the motor 
e.xcitation, and which is obviously the immediate object of physiological 
investigations. The less physiologj' employs psychological conceptions, 
the surer will be the basis which it will one day be able to lay for a 
physiological ps3’chology in the wider sense of the word. 

When, in that spirit, we try to analyze the processes in the motor 
centers, it has to be emphasized that the motor nerve fibers which supply 
the various muscles and muscle-groups of the body do not find their first 
connections for the purpose of coordinating movements m the cortex but 
at lower levels. However, as we observed, cortc.x and subcortical centers 
have certain general properties m common. 

Thus under normal conditions a transient stimulus which, directly or 
indirectly, acts on the motor centers, evokes only a transient state of exci- 
tation. Under certain conditions, however, everj' excitation of the motor 
centers assumes permanence 

If one clings to the conceptions of excitability deduced from experi- 
ments on nerve fibers, one will be prone to think that the tonic character of 
central excitations is due merely to the incrcaserl excitability of the center. 
However, the e.xpression “increased excitabilitj’’’ does not explain very 
much. Jloreover, “increased excitability” presupposes that w eak stimuli are 
unusually strongly exciting. But we have seen j’ust the opposite, namely 
that very weak peripheral or central stimuli may terminate a pre-exist- 
ing e.xcitation. This phenomenon does not fit into the conception that wc 
simply have to do w'ith “increased excitability.” Rather, it proves that a 
weak stimulus must induce precedes different in their nature from those 
which correspond to excitation. 

Both phenomena — the tonic character assumed under certain circum- 
stances bj* all excitations, as well as their disappearance after weak stimuli 
— indicate an unexpected complexity of the process of central innervation. 

It appears that under normal conditions every central excitation finds 
or creates within the excited centers conditions which, as soon as the 
stimulus has disappeared, make this excitation vanish or decrease belo\Y 
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threshold. If such a precise delrniilation of central motor or sensory excita- 
tion did not exist, we would neither be able to execute intentionally move- 
ments of measurable duration nor would our sensations correspond to the 
temporal sequence of the extraneous stimuli producing them. 

This very obvious tram of thought leads to the conception that in 
central processes excitation must be coupled nith another event which 
exerts a dampening influence on the induced excitation. The exact nature 
of these inhibitory influences, however, rve are unable to define in detail, 
and we hope all the more to be excused since the exact nature of the excita- 
tory process is also undefined. In any event, that process which is called 
excitability or excitation of the motor centers must be some sort of a 
molecular movement wdthin the ganglion cells. In the dead cell this move- 
ment has come to a standstill In the living cell it goes on with an energy 
varying according to circumstance. If that energy surpasses a given value 
then excitation in the nerve fibers issuing from the coll is induced. The 
closer the amount of kinetic energy of these internal movements is to the 
limiting value, the less intense w'ill have to be those stimuli which can 
accelerate them sufficiently to cause them to attain that limiting value; 
the higher, in other w'ords, will be the excitability Inhibition of excitation 
would be nothing but the diminution of the kinetic energy of the molecular 
movements below the limiting value. Inhibition may in essence be nothing 
but resistance against molecular movements, or, more likely, an accelera- 
tion of the molecules in a direction opposed to the direction of their move- 
ments, leading, of course, to a diminution of their kinetic energy. 

But whatever the true explanation, if the normal ratio of excitatory to 
inhibitory processes changes m favor of the former, then these will attain 
an unusual duration. This seems to be the sort of thing that occurs in state 
2 of morphine narcosis [hyperexcitability]. In that case, the absolute 
intensity of the excitatory process may decrease. If, however, the energy 
of the inhibitory processes decreases still more, the effect as far as the 
stimulation of the motor nerve fibers is concerned w ill remain as in state 2. 

Excitations affecting indirectly (tactile, acoustic, etc.) or directly (elec- 
tric) the motor centers will cause tonic excitations to disappear; tiieroforc. 
these stimuli increase suddenly the relative energy of the inhibitory 
process Correlating this fact with the other — that during morphine nar- 
cosis those weak sensory stimuli which incessantly impinge upon (he 
peripheral sense-organs (movements of the air, radiating heat on tlio skin 
light and acoustic radiations on the eye and ear, etc.) lose their effect — one 
IS led to assume that under normal conditions the inhibitory processes in 
the motor centers are kept at a certain relative height by thc'O continuous 
sensory e.xcitations. If these excitations are taken away during niorplniie- 
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sleep the relative energy of inhibition decreases and can be increased to 
normal level only by purposely induced stimuli of a certain intensity. 

If this seems to be pushing an hj^iothesis too far. we may refer to the 
facts alluded to in the following paragraph. 

The assumption of inhibitor^’ processes accompanying excitatory' proc- 
esses in the motor centers of the brain appears also to make intelligible 
the differences in the effect nhich a stimulation of the cortex and a stimula- 
tion of the subjacent white matter induce. Excepting the state of increased 
reflex excitability which is occasionally induced by morphine, stimulation 
of the cortex led to an excitation which differed in its duration and in its 
intensity from that induced by stimulation of the white matter (cf. pp. 18G 
and 189) Other conditions being equal, the reaction time is longer, the 
contraction of the musculature generally smaller, and the muscular curve 
drawn out longer in the latter than in the former case. These differences 
can be understood by the assumption that direct cortical stimulation 
induces not only processes of excitation but simultaneously processes of 
inhibition. These processes distribute the development of the kinetic 
energies in the excited elements over a longer duration by increasing them 
at a later moment above threshold < prolongation of reaction time), and 
on the other hand keep them above that value for a longer time (drawing 
out of contraction curve), while simultaneously the absolute intensity of 
the excitation becomes smaller (decrease of muscular contraction). In these 
experiments, too. sensory stimuli of a certain intensity are effective They 
lead to an increase of inhibition; hence (p. 190) the muscular con- 
tractions decrease and the reaction times and durations of the contractions 
increase simultaneously. The assumption of inhibitions as part and parcel 
of the mechanisms of central innervation affecting by their relative value — 
i e . by the ratio of their intensity to that of the excitations — the quantita- 
tive aspects of the process of excitation both in its intensity and its tem- 
poral sequence, enables us to understand many other things which hereto- 
fore were enigmatic. If we assume, as we are almost driven to do. that 
inhibitions delimit not only the temporal but also the spatial spread of 
excitation, then it becomes clear that in deep morphine narcosis excitations 
spread unusually easily from the pnmarily e.xcited centers to other ones 
Quite correctly Munk pointed out that the tendency to respond to local 
stimulation of the cortex with general epileptic seizures is particularly 
noticeable in dogs subj'ectecl to large doses of morphine A state of in- 
creased excitability which can be obseiwed in many individuals as a con- 
sequence of morphine also indicates an easj’ spread of the state of excitation 
from the sensory to the motor centers. Feme of the facts which we reportetl 
may appear to contradict the theoiy just sketched. For our assumption 
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appears to be incompatible with the observation that submimnial excita- 
tions impinging upon the motor centers are immediately effective if shortly 
before stimulation the skin of the region whose muscles are involved is 
exposed to a tactile stimulus. 

However, between well ascertained facts there can never really be a 
contradiction. A contradiction can only exist between assumptions deduced 
from these facts. In the present case it has to be remembered that the effect 
exerted on an object by a certain process depends not only upon the 
nature of that process but also on the state in which the object happens 
to be at the moment when the process impinges upon it. When that state 
has in any way been altered, then the result of the effect, too, will neces- 
sarily be different. The excitation conducted to the motor centers through 
sensory fibers may very well have a different effect if the centers are in a 
state of quiescence or in a state of activity. In the first case the kinetic 
energy of the internal molecular movements is relatively small and below 
threshold. The impulses conducted to the center by sensory fibers, if suffi- 
ciently strong, will increase the amount of kinetic energy above threshold; 
m other w’ords, reflex movements will ensue. If the impulses have a lesser 
intensity, then they will increase the kinetic energy to a lesser degree, so 
that It remains below threshold. The excitability of the center is increased 
(see fig. 71). It is different when the centers are m tonic activity. Strong 
impulses reaching the ganglion cells from the periphery are still able to 
increase the excitatory processes. Indeed strong pressure on the paw of our 
morphiuiged dogs in which the extensor digitorum communis longus was 
tonically contracted, increased that contraction (fig. 73 at 8). Weak im- 
pulses, however, are not able to increase the kinetic energy of the molecular 
mov'ements responsible for the excitation, which already have a high value 
On the other hand, they are able to increase the feebly developed inhibi- 
tor>’ process by so much that excitation is decreased or. in suitable ca'ws 
even suppressed. Comparing the effect of weak stimulation on the quies- 
cent and on the active ganglion cell, one finds that m either case this 
stimulation increases to a higher degree those processes which at the mo- 
ment are less developed — i.e., excitation in the quiescent ganglion cell and 
inhibition in the active ganglion cell. Thus in either case the existing state 
of the cell is abolished and replaced by the opposite one. The«e considera- 
tions do not, of course, furnish a theorj’ of central innervation, but only 
some material for such a theorj". WTiatcver shape that theorj" takes, it will 
have to reckon with the facts which we have reported The further deielop- 
ment of a theorj’ will largely depend on our progress in the understanding 
and evaluation of inhibitorj’ processes. 
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T he portion of the cortex to be described is neither an ana- 
tomical nor a functional unit. Anatomically, it comprises a large 
part of the frontal lobe but omits the more anterior portion. 
Functionally, it includes only about half of that portion of the cortex 
whose strychninization yields somatic sensation (i.e., the sensory cortex of 
Dusser de Barenne) and, in addition, cortex anterior, medial, and inferior 
to it. Yet the selected portion has. as the title implies, one property com- 
mon to all its diverse constituents, adequate electrical stimulation any- 
\\here within it is followed by an alteration of tension in some muscles; 
what alteration and nhich muscles depends upon the site and type of elec- 
trical stimulation. As appears in Chapter IX this procedure has been so 
thoroughly investigated that it now seix'es to identify each of the principal 
constituents of this portion of the cortex, and to subdivide several of these 
in monkey, chimpanzee, and man. Hence it su£6ces as a criterion for identi- 
fying homologous areas. This is of importance to the neurologist or neuro- 
surgeon who wishes to draw inferences concerning man from those experi- 
ments on monkey and chimpanzee summarized in this chapter 

When a map of this portion of the cortex is made to show which muscles 
lespoiid to minimum adequate electrical stimulation at each motor focus, 
it IS at once apparent that all but two of the constituent areas exercise 
discrete control over specific groups of muscles. Thus there is an easy 
method of establishing, in this portion of the cortex, that somatotopic 
subdivision nhich will be elaborated presently. 

If on the map described above are indicated the type and threshold of 
adequate electrical stimulation and the type and complexity of muscular 
responses, it can be seen that every constituent of this portion of the 
cortex has some defining characteristics dependent upon the concentration, 
caliber, and course of its efferents The constituents so distinguished cor- 
respond to those cytoarchitecfonic areas described histologically in Chapter 
II, except that in monkey and chimpanzee ae must distinguish two areas — 
herein called 4q and 4r — v,hich lack in these animals those cytoarchitec- 
tonic differentiations serving to distinguish areas 4r and 4a in man. No two 
of these areas have the same inlra- and inter-areal cortico-cortical connec- 
tions. Figure 79 shows the entire region under discussion — in monkey (a), 
chimpanzee (b), and man (c). 

SOMATOTOPIC SUBDIVISION 

The anterior part of the central sector is motor to most somatic muscles. 
It consists in the monkey and chimpanzee of areas 4q. 4r, 4s, 6, and 44. In 
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all of these except 4s and 44 jt is possible by appropriate stimulation to 
distinguish major subdivisions for leg, arm, and face, which are separated 
by narrow regions for the trunk and neck respectively. By other means 
these subdivisions can be identified in the postcentral portion of the central 
sector. As shown in Chapter IV, each of these somatotopic subdivisions 
receives impulses from the lateral thalamic nuclei mediating sensation of 
the corresponding portion of the soma. Moreover, each of these subdivi- 
sions sends impulses back to the corresponding thalamic nucleus or nuclei. 



Pic 79 Maps of the prccenlral motor cortex of the monkey, chimpanzcp, and mm, 

draTvn fo the same scale. To show continuity of the cortex, the area is unrolled medial as- 
pect appears inverted above, lateral aspect, center; orbital aspect, below For sicnificjnc.- 
of numbers, see text. 
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This is schematized in fig 80. In 1916 and 1924 Dusser de Barenne and 
Sager showed that in cat and monkey excitation of each of these “sensory” 
lateral thalamic nuclei, either directly, by local strychninization within it 
or indirectly, by local strychninization within the corresponding subdi- 
vision of the sensory cortex, results in the clinical manifestations of paraes- 
thesia, hyperalgesia, and paralgesia of the corresponding parts of the soma. 

Although the monkey refers the sensa- 
tions bilaterally, and more acutely to dis- 
tal than to proximal portions, no other 
part of the body is involved unless the 
strychnine crosses the boundary between 
somatotopic subdivisions of the sensory 
cortex or invades lateral thalamic nuclei 
belonging to more than one subdivision. 
The importance of this in understanding 
sensation will appear later. It is described 
here to indicate that the sensory as \vell 
as the motor functions of areas 4q, 4r, 
and 0 show sharply delineated somato- 
topic localization. 

While adequate threshold stimulation 
of any particular “motor” focus elicits 
a unique muscular response, there is an 
interplay of excitation between any two 
motor foci belonging to any one subdi- 
vision. Except when the interval between 
excitations is too long, or the motor re- 
sponses are antagonistic, this interplay is 
such as to produce what has been called 
"secondary facilitation” — a term used to 
describe either of two distinct phenom- 
ena: if two points are selected such that 
excitation of the first point, a, evokes a 
motor response, A; and excitation of the second point, h, evokes B ; and if o 
and b belong to the same subilu’ision and if .d aiul B are not antagonistic, 
then appropriately timed successive stimulation of o and b u ill cause cither 
(1) a repetition of A when b is stimulatetl, or (2) an exaggeration of the 
lesponse B. The first of these types of “secondary facilitation” (nh-.l ) can 
be obtained even when the point subsequently stimulated lies in certain 
regions of the sensory cortex from which no primary rcsiion^c can be 
elicited. This (a6-/l) has been employed by many ob'-ervers to obtain 



Fio 80 — Connections of sensory 
cortex and lateral sensory thalamic 
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motor responses from the postcentral sensorj- cortex. It may involve 
cortico-cortical connections but depends chiefly upon excitation persisting 
in the subcortical structures affected by the first stimulation, for b-d can 
be demonstrated after severance of all cortico-cortical connections between 
a and b. It is therefoie not surprising that ab-A is more easily elicited if 
both points he in the same subdivision, for these must project to the same 
or closely related portions of the spinal cord. 

Figure 81 shows the second type of facilitation. This second type of 
“secondary facilitation" (nb-B) can be elicited even if the point ante- 
cedently stimulated yields no motor response. It (ab-B) is invariably asso- 
ciated with an electrical change in the cortex at b (the “facilitated" focus), 
and ab-B fails nhen all cortico-cortical connections of a and b are severed. 
The response ob-B is elicited most regularly at a somewhat longer interval 
tlian ob-zl, and ab-B can be demonstrated regularly when a exhibits ex- 
tinction of motor response. Finally, as will appear later, there is reason to 
believe that the cortico-cortical connections from area 6 to area 4 are large 
and numerous, xihile in the reverse direction, from area 4 to area 6, they 
are wanting; and in this case, if a is in area 4 and b in area C, only ab-d 
appears, rihereas if a lies m area 6 and 6 in area 4, only ab-B has ever been 
described. Thus the occurrence of ab-B can be taken as evidence of cortico- 
cortical connections. In the monkey's areas 4q and 4r. ab-B can be demon- 
strated from any point to any other point, provided a and b lie in one and 
the same subdivision, however remote, but not if a lies in one subdivision 
and b in another, although a and b be separated by only one or two milli- 
meters to prevent spread of the stimulating current across the boundary. 
These findings are exemplified m fig. 81. They indicate a lack of cortico- 
cortical connections between the portions of areas 4q and 4r belonging to 
different subdivisions. This is true of the chimpanzee’s as well as of the 
monkey's cortex. 
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Fio SI —Oct 27, 1936 ^fac(lcn mulatlit Dial narco-w T3ii' fiRtire sliows the existence of 
'ocomlarj fjcilitation at A from n. $ ntm .ipart. and the .ib'cnce of facilitation across the 
function il l)oiincbr\’ between the leg and arm <nibdi\ i'ion«. although A and L are onlj 
3 mm apart 
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The foregoing findings are all obscured by any procedure winch pro- 
duces the conditions for self-sustamed electrical after-discharge. Thus 
chloralose anaesthesia, stimulation by frequent long electrical pulses, and 
all cortical insults or other injuries likely to induce convulsions must be 
avoided. While these self-sustained disturbances of the cortex are propa- 
gated over cortico-cortieal fiber systems, they are not restricted to these 
paths but affect contiguous areas of the cortex, eventually inducing the 
same disturbances m them, even when they are functionally disparate and 
even after section of the underlying white matter. They may spread w’ith 
relatively great speed, say 25 cm. per second, involve the entire cortex, 
become synchronous, and persist for half an hour. This spread occurs w’ith 
a velocity to be expected from repeated synaptic relay. Walter Pitts’ theory 
of such spread m a randomly connected net makes its velocity depend 
upon the time required for summation at a given point to reach threshold, 
and this harmonizes with the finding that weak strychninization of an area 
causes the wave to traverse it more rapidly. We would, therefore, attribute 
this spread to those diffuse connections known histologically as the felt 
work of the cortex. 

To avoid this difficulty, to obtain long and even anaesthesia and elec- 
trical activity of tiie cortex resembling normal sleep with relatively little 
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disturbance by afferent impulses, narcosis nas obtained by injection of .35 
to .45 cc. per kg. body weight of Dial, half the dose given intraperitoneally 
and half intramuscularly. Except when specifically stated to have been 
under chloralose. all the following findings were obtained under light or 
moderate Dial narcosis. The motor responses obtained from the convexity 
of the cerebral cortex of the chimpanzee are shown in fig. 82 

Under this anaesthesia it is possible to map an eye field frontal to area 
6 of the sensory cortex. From U. both ipsilateral and contralateral con- 
jugate deviations of the eyes, with and without pupillary changes and 
lacrimation. have been ehciteil. as indicatcxl in fig. S2. This is called area 8. 
In both the monkey and chimpanzee it begins about one millimeter dorsal 
to the sulcus callosomarginalis as a narrow band running dorsally and 
slightly forward at the upper margin of the hemispheie. Thence it descends 
laterally and widens to the level of the superior frontal sulcus; then nar- 
rows and sweeps anteriorly to the inferior margin of the lateral aspect, 
where it turns medially and occipitally lo disappear between the frontal 
and temporal lobes, but continues onto the insula 

On the orbital surface frontal and medial to area S lies area 47, known 
as the area orbitahs agranulans. stimulation of ^vhich yields cessation of 
respiration in inspiration with the vocal cords abducted. Walker, evidently 
influenced by Bro<lmann's figure for the lemur or hapale, has called this 
area 13. 

Finally, on the medial surface, the frontal portion of the gyrus cinguli is 
occupied by area 24 which e.xtends from the corpus callosum to within a 
few millimeters of the sulcus callosomarginalis. Stimulation of this area 
induces changes in somatic muscular activity comparable to those ehcitable 
from both areas 8 and 4s which will be consideretl later. 

Area 24 is separated from the somatic motor field and from the eye 
field by a narrow strip of cortex, area 32. which, like the remaining por- 
tions of the frontal lobe, has failetl to yield motor responses. 

AREAL SUBDIVISION 

Within this region, the subdivisions represented by the functionally defined 
areas 8, 47. and 24 correspond to cytoaichitectonic entities; whereas in the 
cential sector proper each somatotopic subdivisioil includes some portion 
of each of the princip.al cytoarchitectonic subdivisions. These latter can 
be distinguished by stimulation Area 4q begins in and extends forward 
from the central sulcus as a band, wide m the leg subdivision and tapering 
to a jwint in the face subdivision. It is characterized by the elicitation of 
motor responses which are highly discrete and occur following relatively 
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weak stimulation Area 4r, l 3 nng immediately adjacent to this throughout 
Its length, requires almost ti\ice the strength of stimulation to produce a 
motor response, but the response is also discrete Anterior and adjacent to 
area 4r lies area 4s This is a narrow band of cortex, stimulation of which 
leads to a relaxation of existing muscular tension, interruption of an exist- 
ing after-discharge produced by stimulation of other cortical foci, and, as 
shown 111 fig. 83, a suppression of motor response to stimulation of any 
focus of area 4q or area 4r— an effect having a latency of about four 
minutes and usually unrepeatable for three-quarters of an hour. This area 
was first described in the macacus rhesus monkey by Marion Hines in 193G, 
who shoved that its ablation resulted m the development of spasticity. 
The details of the microscopic characteristics of these areas are to be found 
in Chapter 11. 



Fig 83— Sept 27, 1938 Macaca mulaUa Dial Ekctrieil roonopoJar stimulation (Thyra- 
fron) of A4 focus once e^ery minute (5 sec -06 r-40 per scc-V D 1299) Extension of wriat 
Electrical stimulation of A6 focus gnes no siippiession Electrical stimulation of A4s focus 
(6 eec -1 r -40 per sec -V D 7000) gi ' m siipprc»-ion Time line = 20 see. 


Anterior to area 4s, and extending below it, lie areas G and 44 ICxcita- 
tion of areas 6 and 44 requires slightly stronger stimulation than 4r, or, 
more specifically, longer electrical pulses, to yield motor responses, and 
these are apt to involve a larger number of muscles and more proximal 
groups Secondary facilitation of the first type {ab-A) occurs readily from 
any focus of area 4q or 4r to any focus of area 0 of the same subdivision 
and, by moving the electrode by small stejis, can be followed for a con- 
siderable distance into area 0 of any adjacent subdivision in the chimpan- 
zee— and even to all parts of area (5 m the monkey. For reasons stated 
above, this indicates the ramification of fibers descending from area fi. 
Secondary facilitation of the second type (a6-/i) can be demonstiatod 
more readily from area G to areas 4q and 4r if the first stimulation occurs 
m that part of area G vhich yields primary responses belonging to the 
subdivision containing the focus of area 4q or 4r subsequently sfmuilafed 
It can occasionally be demonstrated if the foci he m different somatotopic 
subdivisions, but no evidence is available to show tliat this is mediated by 
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those cortico'cortical fibers whose existence is demonstrable by other 
means. 

To elicit any response from area S. prolonged stimulation is required, 
and the motor and glandular responses are slow to appear and slower to 
disappear On the other hand, the following three phenomena can be 
obseiwed; (1) relaxation of existmg muscular contractions. (2) holding m 
abeyance of motor after-discharge — both (I) and (2) appear and disappear 
promptly — and (3) suppression of motor response to stimulation of any 
motor focus of the sensory cortex. 

These three phenomena can all be elicited pow erfully by stimulation of 
area 24. Thus there are m the region under discussion three areas. 4s, S. 
and 24. which will hereafter be referred to as suppressor areas 

Area 47. lying antero-mcdial to area S on the orbital surface, yields its 
muscular response to stimuli resembling those required by area 6. 

AH motor responses depend necessarily on descending systems, which 
will be found described m other chapters, notably Chapters and ^T 
Areas 4q. 4r. C. and 44 certainly contribute largely to the descending sys- 
tems of the internal capsule and the pyramids On the other hand, little, if 
anything, is known of the motor projection of area 47. Finally, only by 
local strj’chmmzation of the cortex and recording from the corpus striatum 
have the systems descending to these structures been mapped. Thus, the 
region under consideration has been shown to project corticotopically; that 
15. cytoarchiteetural areas rather than somatotopic subdivisions are seen to 
be represented in the projection In detail these projections are as follows 
areas 4s, S. and 24 project to the nucleus caudatus (as do areas 2, and 
probably 19. both of which are also suppressor areas). Area 6 projects to 
the putamen and to the cx'ternal segment of the globus pallidas, and areas 
4q and 4r to the putamen only Xothing is known concerning any possible 
projection from area 44 to the basal ganglia. The obvious sclieme seems to 
be that suppressor areas project to the nucleus caudatus. and motor areas 
of the sensory cortex project to the putamen and globus pallulus. pars 
externa. All these connections are schematized m fig S4. which indicates 
appro.ximately the general portion of the nucleus caudatus to which the 
projection occurs. At this point it must be stated that while all suppressor 
areas project to the nucleus caudatus. e\en large lesions of the nucleus 
caudatus do not prevent suppression of motor response — say from area 4s. 
This is the more important because suppression of motor response has been 
shown to depend on fibers from these cortical areas descending to the bul- 
bar reticular foimation whose excitation is capable of stopping all muscular 
contraction; and because another suppression (suppression of electrical 
activity of the cortex, to be described later) does depend on and is mediated 



222 


The Precentral Motor Cortex 


by the nucleus caudatus. It has been shown that the caput nuclei caudati 
and the cauda, the putamen, the globus pallidus, the substantia nigra, and 
the cerebellum are severally not necessary to this suppression This has 
been proved only in the monkey. It was accomplished by a senes of experi- 
ments in which one or another of these structures was destroyed and the 
suppression of motor response demonstrated within the following eight 
hours. It can be stated conclusively that the suppression of electrical ac- 
tivity of area 4 by stimulation of area 4s is not necessary to the suppression 
of motor response to stimulation of area 4 by antecedent stimulation of 4s, 
because the latter can be demonstrated when the former is prevented by 
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a lesion of the nucleus cauclatus. The suppres‘«ion of electrical activity of 
the sensory cortex has been shown to depend on impulses from any of the 
suppressor areas reaching the nucleus caudatus and thence indirectly inter- 
rupting in the ventrolateral nuclei of the thalamus that regular rhythmic 
oscillation of voltages between sensorj' cortex and thalamus without which 
there are no ordinary “spontaneous" electrical waves of the sensory cortex. 


EVIDENCE FROM PHYSIOLOGICAL 
NEURONOGRAPHY 

The foregoing was intended to familiarize the reader nith those criteria 
by which one can rapidly outline in any one experiment on a living brain 
those somatotopic subdivisions and eytoarchitectouic areas whose connec- 
tions form the subject of this chapter As the author has had no experience 
vith either histological or histopathological techniques he can only refer 
the reader to Chapters II. I\'. and VI. which include the principal evi- 
dence concerning these connections as revealed anatomically in the dead 
brain. The evidence on which the present chapter rests was produced by 
what Dusser de Barennc has christened “Physiological Neuronography." 
His life’s work has demonstrated that strj’chninc locally applied acts only 
where synapses are present on neurons and causes disturbances which are 
propagated only in the direction of normal conduction — not antidromically. 
These disturbances appear in records of electncaPnctivity as large, sudden 
voltages which can be recorded at the site of strychnimzation and from all 
regions to which the strychnmized neurons send axons or collaterals. At 
the site of strychumization these sudden transient voltages are many times 
greater than tlie ordinar)' spontaneous activity of the cortex. Cathode ray 
studies in which the intensity of the spot is made proportional to the first 
derivative of Us displacement but the intensification is slightly delayed, 
indicate that these disturbances arc composed of almost synchronous dis- 
charges of many cells which, together, produce the observed spikes in the 
record of the voltage. The size of the spike iw any other place to which the 
disturbance is propagated must be determined by the number and syn- 
chronicity of the axonal disturbances reaching that place from the cells 
fired synchronously at the site of stryvhninization. Under the conditions 
of the experiments the author has time anti again sought for such spikes 
at regions to reach which the disturbance would hai’c to pass synapses. 
He has found none. Instead there ha\e apiieared only belated low' voltage 
long waves in the record. These are presumably the delayed and temporally 
dispersed consequences of the pre-syiiaptic spikes. 



224 


The Precentral Motor Cortex 


Three considerations make it impossible to state exactly the velocity 
of propagation of the strychnine spikes: first, the length of the axon can- 
not be readily determined, but it is alnays safe to assume that it is at least 
as long as the separation of two cortical “points," at one of which it arises 
and at the other of which it terminates; second, these “points" are rela- 
tively large, for e\en with strychninization of only one square millimeter 
the area of primary spiking is about three millimeters in diameter and the 
spread of the voltage in the receiving “point" is of at least an equal area; 
third, and most important, the strychnine spike is not a completely syn- 
chronous disturbance but spreads m known ways through the thickness of 
the cortex. Even so, it is possible to form some estimate of the rate of 
propagation. Cathode ray determinations indicate a velocity of about 50 
meters per second if the initial surface positive uave at the site of 
strychninization be taken as the time of origin and the beginning of the 
same wave in the recipient point be taken as the time of termination and 
the distance is the straight line between the centers of the areas. This 
figure for the velocity of propagation is probably of the right order of 
magnitude, and it is probably safe to assume that the maximum velocity 
is not greater than 100 or less than 10 meters per second. In general, higher 
velocities were calculated when the points Mere far apart than Mhcn they 
M’erc near together, but it was not certain uhether these differences Mere 
due to the difficulty in identifying the corresponding times m the tM’o 
strychnine spikes or Mhether they Mere due to cither smaller caliber of 
shorter axons or the failure to take into account the more circuitous path 
of short "U” fibers In any case, the time of transit alone does not preclude 
the possibility of transsynaptic components. HoM-ever, there are several 
other considerations that do so. In the first place, if one undercuts the 
entire sensory cortex by a lesion immediately external to the corpus 
striatum the distribution of the distant spikes remains the same. If one 
then strychiiinizes the second temporal convolution of one hemisphere he 
can record the spike from the symmetrical focus, although this produces 
no spike in any other part of the cortex. The first observation indicates that 
if relaying occurs it must be in the cortex, and the second ob«ervatioM 
shoMs no area of the cortex in which relaying could occur. Thus together 
they exclude “relaying" of the strychnine spike as a necessary factor in 
propagation, and so strengthen the negative evidence noted above. Finally, 

It IS possible to locate three widely separated cortical points such that 
strychninization of A causes a spike at B and stryciininizatioii of B causes 
a spike at C, yet strychninization of A. uhile it may yield a much bcl.atcd 
loM wave at C, never results in a spike at C. 
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Area ■4- 


Area 2 


Area 5 


Fig S5 — Macaque Dial anae^thefit S(r>chnmization of area 4 Cathode ray oscillogram 
6 mmufes later, showing t\pical strachnine spikes m area» 4 and 2 and small spikes in area 5 


For all of the foregoing reasons it is clear that strychninization of any 
cortical area causes a synchronous disturbance of cells in the area strych- 
ninized, and that this disturbance can be found m all other cortical areas to 
which it sends a sufficient number of axons In this manner local strjxh- 
mnization can be used to map the axonal distribution of cells situated in 
any area; but it must be remembered that if either the cells of origin for 
a given axonal distribution arc too feu or too scattered, or the ax'onal 
endings in the field in question are too few or too scattered, the method 
must fail to disclose them Hence it should be considered that in the fol- 
lowing description positiie findings arc conclusive but not all-inclusive. 
They indicate the principal and compact cortico-cortical connections. To 
make this clearer it is uell to contrast one experiment under ehloralose with 
the corresponding experiment under Dial. If one strychnimzes one square 
millimeter of arm area m the monkey under Dial, one obtains strj’chnine 
spikes in all parts of arm area 4 and in the postcentral arm areas ( shou n m 
fig. So) . but not in area 0 or any parts of the leg or face subdivisions. If one 
now circumtherniocoagulates the entire thickness of the cortex about the 
focus strychnmized. the distribution of the strychnine spike remains un- 
altered. It follows from this and the experiment in which the entire cortex 
was separated from all subcortical structures that the path of these dis- 
turbances IS downward into the white matter and through it to the post- 
central areas affected. Rosenblucth and Cannon (1942) shoved that under 
ehloralose the strychnine spike desenbed above is complicated by the pres- 
ence of a much slower disturbance which is also much more slowly propa- 
gated. and that this slower disturbance sweeps across all boundaries into 
area 6, into the adjacent leg and face subdivisions, into all parts of the 
post-central cortex and even into unrelaterl regions — its amplitude decreas- 
ing as it travels. If now this strj-chninized focus is circumthermocoagulated. 
the slow wave disappears, leaving only the strj’chnine spikes distributed as 
the}’ are under Dial narcosis. Xo one doubts the existence of horizontal 
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axons in the substance of the cortex, and it may be through these that the 
slower disturbance seen under chloralose is propagated Under Dial — and 
also without narcosis — the method of Physiological Neuronography fails 
to indicate their presence. If these provisos are kept in mind no false 
interpretations are likely to be made of the following findings It must 
also be remembered that to procure comparable results the cortex must be 
exposed with care to insure adequate blood supply and to avoid unneces- 
sary injuries to the pia-arachnoid membrane, and that the surface must bo 
almost dry at the time when and place where a few square millimeters of 



Flo 8G— Monkey {Macaco mulatto) Pial narco«i8 Strj'chninc spikes fiom po-tccnlnl 
fate Biea 1, from surface (20" after str)chnini7a(ion), 2, from depth of 135 mm (1’2S" 
after strsehnnization) , 3, again fiom surface (2'iO'' uftci strychnimzatjon), 4, agiin fioni 
depth of 1 35 mm (2'40" after strychninizalion) 

filter paper moistened with a saturated solution of strychnine sulphate are 
applied It needs scarcely be stated that the placing of electrodes and their 
connection will affect the wave-form recorded, and both must therefore 
always be so arranged as to permit reference of the events recorded to 
those localities m which they occur. To this end, so-called “triangulation” 
with several amplifiers having differential input stages is highly desirable. 

The results are reported under three general captions; first, the genera- 
tion and vertical movement of the strychnine spike at its site of origin; 
second, the distribution of the sfrychiunc spike within the area strych- 
mnized; third, the distribution to remote portions of the cortex. 

At the Site of Strychninization 

When a square millimeter of cortex is strychninized the minute area 
of surface becomes negative to any remote region, and after less than 
half a minute there appear on this negativity small negative spikes 
nhich steadily increase in amplitude. If at this time an electrode, insulated 
except at the tip, is plunged into the lower layers of tlie cortex, tiicse dis- 
turbances are recorded as small positive spikes. This is shown in fig. Sfi. 
Such wave-forms — surface-negative, depth-positive — are characteristic of 
disturbances of the superficial layers of the cortex. This is confinned by 
Adrian’s findings in 1930. They are all that is recorded until the stryclinine 
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has had time to reach and excite the deeper layers. When this happens the 
surface-negative wave is preceded by a surface-positive wave. Figure 87 
shows this development of the strj’chnine spike. By the method which 
Dusser dc Barenne called “Laminar Thermocoagulation" one can kill the 
outer layers of the cortex, leaving the deeper layers functional. Figure 88 
shows the result of such a laminar thermocoagulation. If this is done 
when there are only surface-negative waves, no spike remains; whereas if 
it IS done when the wave has become biphasic the initial surface-positive 
phase remains but the subsequent surface-negative phase is gone. This is 



SO" fiO" 90" 020" 


I'lo 87 — Macjque Dial I/oral ^lr\chnlnl^Jtlon of .in arm 4 focus Record ghow' «urfatc 
rotentiol at the number of seconds .ihcr sfnchomuation which arc indicated in the diagrarii 

shown in fig. 89. If the electrode is now plunged into the deeper layers 
only the depth-negative — lo the surface-positive wave — is recorded. 
Therefore this surface-positive wave has to be attributed to activity in the 
depth. If a similar procedure were followed on peripheral nerve, it would be 
called “rendering a lead monophasic" and one would expect that if the 
nerve lived long enough the monophasicity of the lead would disappear, 
and this is what happens in the case of the cortex. Within a matter of hours 
(five to eight) the diphasicity returns 

There is a second procedure, not hitherto described, invented by Mr. 
Craig Goodwin, of the Unnersity of Illinois, and tried out by Dr. Hugh 
Carol and Mr. John Hamilton for thcrmocoagulatnig the deeper layers, 
leaving the superficial layers of the corte.x intact. It depends upon a high 
frequency current administered to the area through a large chilled elec- 
trode. Great difficulty was cxpenenced in obtaining lesions of the desired 
form and depth, and it may be a long time before the exact conditions for 
so doing can be prescribed. However. Air. Goodwin, with Dr. Roseman and 
Dr. Silveira, has succeeded unexpectedly upon several occasions, ami al- 
though adequate histological controls are not yet available, their experi- 
ments have shown that if the deeper laj'crs are thermocoagulated and any 
of the superficial layers remain, these layers give only surface-negative- 
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Fig 88— Section of the motor cortex of urea 4, sfainciJ by Ni'il’s methoJ sIiowidk lit- 
etrviction o( the laycia exterival to the hyct of htge anti swnt. T>>rAmviljI ct'!!- Tlie nninui 
was killed se\eD da>s after local thermocoigiilution nliich was at ciri i 75 tiegices for 
3 seconds 


depth-positivo potentials upon local sti^'chiiini/ation. Again, the diphasic- 
ity returns in some five to eight hours. 

Thus these two sets of expenments supplcmetit each other and indicate 
that, as 111 peripheral nerve, the disturbance is negative where it occurs 
and IS associated with a positivity at a ineasurcti distance of even less than 
one millimeter. 

When the strychnine spike is fully developed m a lightly narcotized 
cortex the form is triphasic — initial surface-positive, subsequent surface- 
iiegati\e, and final surface-positive, the last being a longer and more 
widespread disturbance. 
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Frn 89 — ilacaque? Dal 1. Strxchmii«-fpik^= (rom A6 (oc«*, 2, tame. 5 irumUes after 
thernioco.igitlation 0 / 3 outer lj\m (TC. 70®C— 3'), 3. same. 4 mmutes after subsequent 
damage to fourth hver (TC. 'O’C— 3V7) 

Thermocoagulation which abolishes the surface-negative phase in no 
way affects the propagation of the strychnine spike to other cortical 
points. This is not surprising inasmuch as the early monophasic surface 
negativity is never associated with propagation. Moreover, when propaga- 
tion occurs it must, from time studies of the propagation, arise from the 
initial positive wave under ail ordinary circumstances. 

At the present time Dr. Silveira is studying (by laminar thermocoagu- 
lation, strychninization, and electrical recording) the layers of the cortex 
giving rise to the cortico-cortical connections. In that undertaking he has 
already been able to indicate tliat, at least from certain areas, the efferent 
impulses continue to go to other cortical areas until the thermocoagulation 
is sufficiently deep to abolish the surface-positive phase. 

Finally. Dr. Silveira has shown that if the most superficial layers of the 
cortex have been thermocoagnialetl sei'eral daj’s prior to strychninization. 
the propagation can occur from the second, more widespread, surface- 
positive phase. 

These as yet unpublished studies so complete the picture as to permit 
the following description of the cortical eients under the point of applica- 
tion of the strychnine at the time when the strychnine spike is fully de- 
veloped. First, there is a discharge of cells in the deeper layers of the cortex 
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Area 47 : Strychninization in this area causes firing within it which 
is distributed in an anteroposterior band little wider than the strych- 
ninization. 

Area 24: Strychninization here gives the same extremely local dis- 
turbance seen in areas 4s and 8 

Strychninization in the narrow band of cortex separating area 24 from 
the sensory cortex and from area 8 causes firing throughout that band 
Brodmann, in his figure for the monkey, misses all but its anterior end 
which he there labels area 32, whereas m his figure for man he divides it 
into two parts: areas 31 and 32. This corresponds most nearly to the areas 
disclosed in the chimpanzee. Mauss, in his figure of the monkey, calls it 
area 31 and uses the symbol T. This corresponds to the area as found in 
the monkey, except for the anterior 
end which is more nearly like Brod* 
inann’s 32 in the monkey. Von 
Economo and Koskinas so subdivide 
this area in man (fig. 3b, p. 12) that 
it is impossible to homologize it with 
the areas disclosed in these studies. 

Thus Brodmann’s figure for man 
(fig. 2b, p. 11) — areas 31 and 32 — 
forms the best guide. This area is 
important not merely because it lies 
to such an extent within the “motor” 



area without being “motor,” but be- 
cause of its afferent cortico-cortical 
connections which are unique. 

Finally, there exists area 3 which, 
in the face subdivision, becomes 
precentral. Motor responses have 
been elicited from this region by 
most observers. They involve the 
mouth, tongue, pharynx, and larynx, 
and can be obtained even after sub- 
pial resection of areas 4 and 6. How- 
ever, this region has been relatively 
little studied by this method and its 
boundaries are so ill defined in these 
experiments that they are scarcely 
worth reporting. It has, in these 
studies, always been regarded as be- 
longing to the postcentral region. To 
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Fig 01 — Map^ mdtc.Hr area* of ^en•o^> and adjacent corte\. diitingui-liable by physio- 
logical npuroBOgrai'h\ , in monko {Maiata mitlalltt), a, and chimp inzee (Pan satyru^), b 
Below are diagrams indicifmg ni.a\ima] axonal field di-^lo-ed b\ repeated sfrx chninizations in 
area marked A - Horizontal da-Iie- indicite suppression of electrical actnitv ; Y indicates area 
fired, ce refers to central sulciu, double \ertieal lines indicate anterior and po-tenor borders 
of -en-orj cortex. For significance of numbers, sec text 
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work out its detailed organization w'ould probably require an exorbitant 
number of experiments, for its boundaries lack anatomical landmarks 
What little IS known of it is indicated in fig. Ola. It certainly fires itself 
within a somatotopic subdivision, but the attempts to disclose it in the 
depths of the central sulcus have not yielded sufficiently good prepara- 
tions to make it certain that firing is restricted to the field, for that could 
only be established by a large number of negative instances. 

Inter-Areal Cortico- Cortical Connections 

The inter-areal connections by cortico-cortical axons can best be di- 
vided into those which are afferent to and those which are efferent from 
the area in question. The commissural connections are most commonly 
symmetrical, or homoiotopic, but the exceptions are important and there- 
fore must also be specified. They will be presented separately, to avoid 
possible confusion or unnecessary repetition. One other consideration enters 
here. Since one is forced to assign symbols to areas of the postcentral cortex 
because these send afferents to the “motor” area, and because these post- 
central areas lack the criterion of well-known motor specificity as a basis of 
homology, it has seemed best for present purposes to use for them the 
symbols Brodmann has used for man. Certain of the areas are easily identi- 
fied, notably 1 and 2, whereas the identification of area 5 is at best tenta- 
tive, and of area 7, questionable. However, in the monkey the projection 
of all of these areas to the ventrolateral thalamic nuclei in somatotopic 
fashion establishes their sensory significance The cytoarchitectonic map of 
the chimpanzee is wanting, and area 7 of man fails to appear below the 
sulcus intraparietalis. In its stead there appear areas 39 and 40 — on the 
angular and supramarginal gyri, respectively. In the chimpanzee this 
region projects to the pulvinar instead of to the lateral, sensory, thalamic 
nuclei What has become of the large area 7 in the arm and face subdi- 
visions of the sensory cortex of the monkey (sec fig. Ola) is unknown. It 
does not seem likely that area 7 crossed the visuosensory baml /3 of Elliot 
Smith to he solely in the superior parietal lobule, but the other alternative 
— namely, that as it developed into areas 39 and 40 it altered its tlialamic 
connections from the lateral nuclei to the pulvinar, seems equally unlikely. 
However, since the description is to be based on the chimpanzee, one i.s 
compelled to regard these areas as 39 ami 40— not as area 7. Figure 91b 
IS best used as a guide to the following statements. 

Homolateral Inter-Areal Connections 

Area 4q. Receives cortico-cortical inipulees from areas 4r, 0, 1, .’i, and 
m the leg subdivision from area 7; sends impulses to areas 1 and 3. 
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Area 4r: Receives impulses from areas C and 1, and in the arm sub- 
division from ^hat is here called area 40; sends impulses to areas 4s, 4q, 
and ^hat is here called area 39. 

Area 4s; Receives impulses from areas 0, 4r, 1. and 39, but sends im- 
pulses only to area 32. The last confirms the anatomical finding of a tract 
running from 4s into the vicinity of the sulcus calloso-raarginalis described 
in Chapter IV. 

Area G: Xo cortico-cortical afferents have been discovered. In the leg 
subdivision and in the arm subdivision, area 0 sends impulses to both leg 
and arm subdivisions of areas 4s. 4r. 4q. 1. and 5, into area 39 from the 
arm subdivision, and into the posterior part of the superior parietal lobule 
from the leg subdivision. In the face subdivision area 6 sends impulses 
to the face subdivision, but the detailed evidence in the chimpanzee is in- 
adequate for a full statement. The reader is referred to fig. 91a for the 
analysis in the monkey. 

Area 44 • Receives impulses from area G and from supratemporal plane. 

Area S: Xo cortico-cortical afferents have been found, and no cortical 
efferents except to area 32 and. from one part, just anterior to arm area 6, 
to area IS. 

Area 47 ; Xo cortico-cortical afferents have been discovered. Its cortical 
efferent systems run. via the fasciculus uucmalus. to area 3S, which is the 
temporo-polar area. (In the monkey it receives them thence.) 

Area 24: Xo cortico-cortical afferents have appeared, but they have 
not been sought e.xhaustively. Its cortico-cortical efferent fibers run into 
areas 31 and 32. 

Areas 31 and 32 • These areas receive impulses from areas 19, 2, 4s. 8. 
and 24 — i.e.. from all suppressor areas hitherto found. If areas 31 and 32 
be considered tno. each is afferent and efferent to the other, but it seems 
more sensible, on the basis of myeloarchilecture, to consider it as one area, 
as Mauss did in the monkey. 

CominissiiraJ Cortico-Cortical Connections 

It seems fairly certain that all the mterhemispherical cortico-cortical 
connections of the region of cortex under consideration pass through the 
corpus callosum, not through the anterior commissure. The only possible 
e.xception involves area 47. on whose interhemispherical connections neither 
the work reported here nor any other known to the author has thrown any 
light. The convexity of the hemisphere has been thoroughly investigated 
by three methods; first, by lesions and Marchi stains (Chapters H' and V) ; 
second, by electrical stimulation and records of electrical response; third, 
by strychninization and records of electrical response. The first method has 
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been most extensively used by Mettler during the years 1935 and 1936. It 
was he who coined the term “homoiotopic” to cover the type of projection 
which is most commonly found throughout — namely, the projection from 
a region on one hemisphere to the corresponding region of the opposite 
hemisphere. The author is indebted to him for the suggestion of how widely 
the projections might be scattered, for this led to application of many 
more electrodes than would otherwnse have been thought necessar}^ and, 
so, to the discovery of several of these projections W'hich would otherwise 
have been missed. The second method, employed by Curtis and Bard in 
1939 and 1940, had already disclosed all the luterhemispherical connections 
of the upper portion of the convexity of the hemisphere which the author 
and his collaborators later confirmed. The differences between electrical 
stimulation and strychnmization are that the former may excite axonal 
terminations causing antidromic firing, and that it may excite any fibers 
subjacent to the stimulating electrode. These differences may account for 
the author’s inability to confirm all of the findings obtained by electrical 
stimulation. On the other hand, this difference may be due to the largo 
number of cells that must be fired synchronously to produce w hat was re- 
garded as a strychnine spike on the opposite hemisphere. Be that as it 
may, the findings, aside from extensions to areas not previously investi- 
gated, differ from those of Curtis and Bard only privatively, and it is 
probably safe to regard the connections reported here as representing the 
most numerous and concentrated projections rather than as an exhaustive 
array. On this same score, the reader should remember that less than one- 
third of the cortex appears on the exposed surface, and that the depths 
of the sulci were neither strychninized nor recorded. Figure 92 shows the 
origins of these systems from the convexity of the hemisphere in tlie 
monkey (fig. 92a) and chimpanzee (fig. 92b). 

Area 4q: Shows callosal connections which are only homoiotopic, the 
connections being extremely well localized to the exactly symmetrical 
motor focus Moreover, these connections arise only from the representa- 
tions ot tfank.Tiotk, iasw— , rwily CroTwiwatwt Cor p^vrtsoC 

the soma used almost exclusively bilaterally, not from the foci for move- 
ments of the parts used typically otherwise, i.e., feet, hands, and upper face. 

Area 4r • The connection is essentially similar to that from 4q, 

Area 4s: Sends no interhemispherical connections. 

Area G: All parts of both send homoiotopic and heterotopic connec- 
tions to most of the sensory cortex of the same somatotopic subdivisions, 
and in certain instances to points in other subdivisions. lu these must be 
included areas 39 and 40, which, while they are part of the arm subdi- 
vision. have been fired from face 6 and leg 6. 

Area 8: Sends callosal connections to the contralateral area 18 but 
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to no other part of the contralateral hemisphere. This tract arises from its 
posterior margin anterior to arm 6. 

Area 47: Xot yet investigated. 

Area 24; Xot yet proved to have any such connections, but they have 
not been definitely excluded. 

Areas 31 and 32; Send homoiotopic connections, but it cannot yet be 
asserted definitely that no heterotopic connections exist, for the studies 
do not yet exclude all heterotopic possibilities. 

The homoiotopic connections mentioned above necessarily indicate that 
the areas originating also receive homoiotopic connections, but fail to indi- 
cate the reception of heterotopic connections from other areas within and 
without the area under discussion. Hence (he receipt of heterotopic con- 
nections are listed below. 

Area 4q: Receives interhemisphenc homoiotopic connections from 
area 4q in the same restricted fashion as that in which it sends them. In 
addition, many parts, if not all. of area 4 receive heterotopic connections 
from area G and from a small portion of the superior parietal lobule lying 
inside the sulcus postcentralis superior. 

Area 4r; Connections are essentially similar to area 4q. 

Area 4s: Receives no interhemispherieal connection, \^ith the possible 
exception of one from area 6. \\hich has been found only once. 

Area G: Receives only homoiotopic connections 

Area 44: Only insufficient evidence is available. 

Area 8; Receives no disco\erablo callosal connection of any kind. 

Area 47 : Xot yet investigated. 

Area 24; Investigateil by strj’chmnization of the opposite medial 
aspect, and no heterotopic firing has been found. 



Fic. 92.— Mapr of the con\exit> of the henii'phw, indic-.itmg onein' of commi'suml 
s>»(eiTis. a* rc'edloif b% phjj-iologceil neitronoffmphj', in JiionLcj (Vocncfi muhitla) 92a (left) 
and chimpanzee (Part satynis) 92b (nght) For eTpItnation of mimber-, see text. ^ = Projec- 
tion to contralateral hemi-pbere at »xmnietncal font. onh. A = Projection to contralateral 
hemt-i'herc at e\nimcfrieil and other foci A — Projection to contrahteral hemi-i’hcre at 
>jnimelrit“il focus onl> which remnn- after section of the corjni' rallo-um 
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Table III 

HOMOLATERAL INTER-AREAL CONNECTIONS 



Areas 31 and 32; No heterofopic firing has beeji found. 

This extensive statement of the intcr-areal connections is recapitulated 
in Tables III and IV. In these tables ignorance is indicated by ?, definitely 
established firing by -|- , and equally well-established lack of firing by 0 
The reader is again cautioned that the zero does not mean a lack of all 
connections but merely a lack of sufficient connections to produce an iden- 
tifiable disturbance. For this reason it summarizes the major inter-aroal 
connections. In those places -nbich represent strycbninization within the 
area recorded, L indicates strictly local firing; R, firing restricted to a soniC' 
what larger portion of the cortex belonging to the same area and same 
subdmsion; A, firing restricted fo the area; F, firing of the nhole area 
within the somatotopic subdivision; — , the suppression of electrical ac- 
tivity, described below; TNF, trunk, neck, and face only. 

There is a second phenomenon which appears at cortical points remote 
from the site of strychnine when this is in area 4s, 8, 2, 24, or 19. It has 
been called “suppression of electrical activity” (sec fig. 03). It begins from 
4 to 12 minutes after strychninization and more promptly after mechanical 
or electrical stimulation of these areas. It consists of a diminution, which 
may amount to disappearance, of electrical activity of the cortov. fir'^t in 
the vicimt}’ of the area strychninized and then at points more remote, re- 
quiring some half an hour to roach the most remote parts of the cortex. By 
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Tabic IV 

CONTRALATERAL INTER-AREAL CONNECTIONS 
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this time the nearer areas ha\c re-cstabhshed activity, first as batches of 
electric waves nhose envelope is fusiform, hence called “spindling," and, 
later, as normal activity. Figure 93 exemplifies this finding This suppres- 
sion is mentioned here to emphasize that, although it is a cortical result of 
cortical activity, it does not depend upon cortico-cortical connections, for 
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nous firing of cortical cells to disclose any of these systems of efferents, pro- 
vided there is a sufficient concentration of them at the site recorded. By 
this means it is possible to snbdmde the precentral motor cortex into five 
areas (4q, 4r, 4s. 6 and 44) belonging to and intimately connected vith 
other portions of the sensory cortex. Immediately anterior to it lies area 8 
which sends impulses back to area 18 — a field which is also “motor” to 
the eyes. Anterior to this area 8 on the orbital surface this method has re- 
vealed area 47 which sends impulses via the fasciculus uncinatus to area 38. 
capping the temporal pole. Situated within the anterior half of the gyrus 
cinguU it has disclosed another area which, like areas 4s and 8, sends im- 
pulses to the narrow strip of cortex called areas 31 and 32 and has thus 
established a pathway to the frontal pole — from these and from all other 
"suppressor” areas. It has, moreover, disclosed localized homoiotopic cal- 
losal connections arising and terminating in areas 4q and 4r, but only from 
and to those portions of these areas which are concerned bilaterally in 
ordinary movements. From area 6 which, in a sense, is a motor associa- 
tional area, it has disclosed the widest distribution of callosal connections, 
homoiotopic and heterotopic. And, finally, it has failed to disclose any such 
connections from any of the “suppressor” areas except from area 8 to 
area IS. These are to be regarded as the chief, but not necessarily the only, 
cortico-cortical connections arising from each of the above areas. Evidence 
has been adduced to indicate that the interpretation of the normal function 
of these connections — other than that of interrelating the activity of the 
areas in question — is still to be determined. Of all the functions normally 
demonstrable by cortical stimulation, only one type of secondary facilita- 
tion and the spread of cortical after-discharge can definitely be referred to 
these cortico-cortical connections. The rest, facilitation, extinction, and 
suppression of electrical activity or of motor response to electrical stimula- 
tion of the cortex — even the reference of sensation, like the elicitation of 
motor response — depend on descemling systems. 

One relation has probably been understated or obscured by details. Thi'; 
is important when one tries to extrapolate from monkey through chim- 
panzee to man. So long as the size of area strychmnized is held constant 
and homologous cortical areas are strj’chiiinized. the total size of areas of 
response in monkey and in chimpanzee are approximately equal (fig. 90). 

It IS as if the concentration of the cells of origin of these systems remained 
constant for any given region. This means that with expansion of the 
cortex one would have to expect just such differences as exist between 
monkey and chimpanzee — namely, that with increase of surface area there 
appears a greater differentiation in the sense of a greater specificity of dis- 
tribution. This, in turn, would lead one to expect still greater specificity 


111 man. 
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B ecause motor activity was the first focal cortical cerebral 
function to be discovered and because investigations of everj' kind 
since IS70 have stemmed from the demonstration by Fritseh and 
Hitzig that focal cortical stimulation produced focal movement, the so- 
matic functions of the precentral motor area are at once the most obvious 
and the most difficult to describe. There are 70 years of voluminous litera- 
ture on tile subject which has been approached from innumerable angles. 
Moreover, in this monograph the chapters of nearly every other author 
must deal in part uith somatic activity, thereby increasing the difficulty of 
selecting the material and limitations for this chapter. Consequently, it has 
seemed best to restrict it to two parts as follows: (1) A brief review of the 
development of the earlier accepted knowledge of the somatic motor func- 
tions of the cerebral cortex, with references to the many previous reviews 
of the same subject. (2) A more detailed discussion of recent and con- 
troversial material, emphasizing largely the functional organization of the 
motor system. 

HISTORICAL 

During the latter half of the 19th century, investigations of the function 
of the cerebral cortex were undertaken in many laboratories and hospitals. 
The earliest significant facts, influencing all later work, nere elaborated by 
Fritseh and Hitzig who first reported in 1S70 that movement could be pro- 
duced by electrical stimulation of the brain of a dog, and by Hughlings 
Jackson who from clinical obsen ntions (1863. 1870. 1875) began to develop 
the idea that focal epilepsy was the result of a focal lesion in the contra- 
lateral cerebral hemisphere. By means of these two methods, and later by 
use of cortical ablations, all the early knowledge of cortical function was 
acquirecL 

Stimulation 

Early Investigations — By 1902, jMonakow, reporting on the “present 
status of the question of cortical localization,” cited 846 references to 
previous literature which were largely, although not entirely, concerned 
with the localization of somatic function within the precentral area. Chief 
among those investigators of the cortec to use electrical stimulation were 
Hitzig (summarized in 1904), Schiff (1S75). Bubnoff and Heklenhain 
(18S1; cf. Chapter VII). Exner (1881), and Munk (ISSl) in Germany; 
Luciani and Taiuburini (1879) in Italy; Bochefontaine (1883) in France; 
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the whole complex of motor units The 
animal's motor beha%iour where the bram- 
nets are large excels in -variety and nicety 
But It fails to offer anything radically dif- 
ferent from that of reflex action elsewhere 
I may seem to stress the preoccupation of 
the bram with muscle Can we stress too 
much that preoccupation when any path 
we trace m the brain leads directly or 


indirectly to muscle? The brain seems a 
thoroughfare for nerv e-action passing on its 
way to the motor animal It has been re- 
marked that Life's aim is an act, not a 
thought Today the dictum must be modified 
to admit that, often, to refrain from an act 
IS DO le^ an act than to commit one, 
because inhibition is eoequally with excita- 
tion a nerv ous activ ity 


Clinical Observations 

Area 4 — The earliest observations of cortical motor function must have 
been made clinicallyl for it was known before the time of Hughlings 
Jackson that injury to a cerebral hemisphere might modify contralateral 
motor performance (Fulton, 1938, 1943). Jackson, however, was the first to 
suggest that focal epileptic attacks might be due to focal lesions in the pre- 
central cortex (1870). Shortly after this time, Jackson (1875), Gowers, 
(1886-1888), Bastian (1875), and their students elaborated the details of 
focal attacks from observation of a great number of patients. The relation 
of conjugate deviation of the eyes to the cortex had been discussed earlier 
by Prevost (1868) and later in some detail by L. Bard (1904). The bilater- 
ality of cortical function was discussed by Dignat in 1883. 

Later, during and after the first World War, the effect of gunshot 
wounds of the head led Foerster (1926b, 1930) to make detailed observa- 
tions on focal lesions, not only with regard to the motor system but to 
sensory functions of all kinds. The complications of epileptic attacks as late 
effects of injury were described by Foerster and Penfield (1930). Much of 
this information is now too common a part of the body of clinical knowl- 
edge to be thought of as anything but old and accepted fact. 

The connection of other areas of the cortex with the motor area whereby 
motor epilepsy might be initiated elsewhere was elaborated in detail. 
Recognition by Gowers (1907) of the fact that focal attacks might begin 
with symptoms other than those of disturbance of the somatic motor sys- 
tem and that these might be caused by lesions elsewhere led to further 
analysis, and numerous specific symptoms were then related to distant 
regions of the cortex. Visual and olfactorj- attacks were associated w'ith the 
uncinate gyrus, and there are now’ temporal, occipital, and parietal epilepti- 
form syndromes, signifying paroxysmal irritation of these areas. Fxeision 
of irritative foci (Horsley, 1890, 1909; Keen, 1888; Foerster and Pen- 
field, 1930) was the next result of the increascti knowledge of localiratioii 
of function within the cortex. 

The interest in focal cerebral signs and their clinical significance led to 
the elaboration at the end of the last century of a miinber of diagnostic 
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signs each labelled with the name of its discoverer, the sign of Babinski 
(1S96) being the best knov,n and most widely used at the moment (Fulton 
and Keller. 1932a). 

Area 6 — There is little in the early clinical literature which delimited 
the functions of area G of the motor cortex from either the chaotic unknown 
frontal pole or the true motor region, area 4 (6gs. 2. 95). But with present- 
day knowledge, earlier clinical descriptions of sjinptoms can be found 
which are those of lesions of the rostral portion of the precentral cortex, 
area G of Brodmann (fig 95). or the premotor cortex of Fulton (1934b, 
1935). 

In 1905, Liepmann described tonic flexion of the hands which appeared 
with lesions of the frontal lobe. In 1914, Wilson and Walshe published an 
extensive review of similar cases and cited three of their own with “tonic 
innervation" of one hand only. The lesion was in the contralateral frontal 



Fici. 95 — Cjtoarcbitectural si»b«tn wons of the cerebral eorte-c in the monkey (Ctreopi- 
thecua) .A.ftcr (19091 
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lobe; the description was that of the symptom later called forced grasping 
(Adie and Cntchley, 1927). Following the first descriptions of aphasia by 
Broca, apraxia was identified, and a syndrome consisting of aphasia or 
apraxia, together with tome inner\'ation and hyperreflexia was associated 
with lesions of the frontal lobe. This syndrome now is known to be specific 
to areas 6 and 44, lying just rostral to the true motor area (frontispiece). 

There are many early analyses of flaccid and so-called rigid paralyses 
(Gowers, 1886-1888; Bastian, 1875), ‘but there is nothing mentioned of 
localizing significance in these symptoms prior to the papers of Fulton and 
Keller (1932a) and Richter and Hines (1932, 1934), 

Involuntary Movements — Horsley, the first to excise a cortical focus 
for Jacksonian epilepsy, also excised the hand area from a child with athe- 
tosis (1890), thereby producing a focal paresis and abolishing the involun- 
tary movements. Later he repeated this on at least three more patients 
(1909). He seems, from his articles, to have done this because he thought 
that since in epilepsy the cortex excited a trigger point the same might bo 
true in the case of athetosis or chorea. There is not much discussion of the 
matter in his papers, and the relation of the motor cortex to the subcortical 
striate bodies seems to have been forgotten until much later (see Bucy and 
Buchanan, 1932; Bucy and Case, 1037, discussed in Chapter XV). 

Ablation Experiments 

The results obtained by stimulation experiments were early supple- 
mented by observations of residual motor performance folloning ablations 
from the cortex The most valuable of these were made on the monkey by 
Ferncr (1876), Horsley and Schafer (1888), and Bianchi (1922). 

Area 4 — -From these experiments cortical paresis was analyzed as 
having the following characteristics: it was transient in the monkey; it 
affected chiefly the fingers and toes; recovery began in the proximal 
joints; and there was bilaferality of function (Rothmann, 1907). BiedI 
(1897) first recorded the fact (hat after seriatim cortical destruction from 
two hemispheres, the arm contralateral to the first ablation recovered an 
additional measure of function immediately after destruction of the second 
side, due, it has been since thought (Ogden and Franz, 1917-1918), to tlie 
necessity for use of the paretic arm in the absence of a useful arm on the 
opposite side, and in spite of bilateral representation in the cortex. 

Ablations in Man — As mentioned above. Keen (1888), Bidwell anil 
Sherrington (1893), and Troje (1894) all made observations on human 
patients after discrete removals of focal lesions, and later Foerster (1930b) 
made use of this technique to record systematically the functions of the 
focal points in the sensorimotor cortex of man. 
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Rothinann (1907) devised and carried out intricate experiments which 
were the first to indicate that the Betz cells of area 4 vere not exclusively 
responsible for cortico-spinal inner\'ation The idea that Betz cells were the 
sole origin of the pyramidal tract had been formulated by the cytoarchi- 
tecturally minded and later investigated and substantiated by Holmes 
and Page May (1909) Rothmaim. however, demonstrated verj' con- 
vincingly by first sectioning one pjTaimdal tract and later removing the 
cortical focus for arm from the opposite hemisphere that there was an 
added deficit in the hand following the second operation. He thus showed 
the presence of an extrapyrainidal system arising from the precentral 
legion. He also produced movement on the side of a pyramidal tract sec- 
tion by stimulation of area 4 on the contralateral side. This work was later 
confirmed and elaborated by Marshall (1933. 1936) and by Tower (1935. 
1940). (See Chapter VI ) 

Area 6 — In the descriptions of monkeys following cortical ablations 
there is no indication m the early literature of any focal qualities specific 
to aiea 0. the premotor area, but there are many symptoms mentioned 
which can now be assigned to that region Ferrier (1S70) described hypo- 
motility and apathy in monkeys after bilateral frontal injury. He quoted 
Goltz, Hitzig, and Horsley and Schafer as having found the same. Bianchi 
(1S95. 1922) mentioned stereotypy and automatism as part of the effect of 
cortical ablation. All these symptoms are now considered ns related to the 
regions just rostrol to the true motor area 4 which in primates lie m area 
0 of Brodmann (Fulton. 1933-1934. 103S). 

Area 8 — Levinsohn (1909) earned out extensive investigations of eye 
movement following lesions m the region of area 8 as well as m postcentral 
areas and described accurately the transient conjugate deviation of head 
and eyes toward the side of the operation when area S had been damaged. 
Monakow (1902, 1914) gives e.xlensive bibliographies of such work up to 
the time of his publications. (See Chapter XII ) 

Decorticate Preparations 

At about the same era as that in which stimulation and ablation of the 
coi tex was yielding information, radical extirpations of the “higher” centers 
were giving evidence of the functions of various other areas, and indirectly 
of the motor cortex. 

Just as stimulation of cortex of rabbits, cats. dogs, primates, and any 
other rarer animal which happened to be available had shown that the 
more complex cortices of the “higher" animals possessed the abilit.v for 
more discrete movement, so. radical removal of these cortices showed 
conversely that the sub-cortical motor function of the “higher” mammals 
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was far less adequate to cope with the exigencies of existence than that of 
lower forms (Smith, 1933; Ferguson and Fulton, 1932; Richter and Bar- 
temeier, 1926). 

From the experiments of Sherrington (1940), Magnus (1918, 1922, 
1925, 1926) and Rademaker (1931), it became clear that decorticate and 
decerebrate dogs, cats, and monkeys each possessed distinct motor func- 
tions as did the intact animals. 

The righting reflexes in particular were carefully examined by Magnus 
(1918), and the relation of the vestibular and proprioceptive apparatus to 
posture was described. It became clear that in the absence of the cerebral 
cortex a postural pattern is present which, both during rest and in move- 
ment, in all mammals, is extraordinarily like that of the intact animal, 
but which is simple and automatic m character, altering always in a 
stereotyped but often excessive way in response to given stimuli. The 
movements of the decorticate animal resemble those which are usually 
called associated movements in the intact animal. But in the latter, a 
tremendously complex “voluntary” pattern overlies and masks the simpler 
reflexes. For example, the movements of the decorticate monkey arc so 
inappropriate and limited in character that they are entirely incompatible 
with life (Karplus and Kreidl, 1914; Bard, 1928). Although these animals 
can with adequate stimuli chew, swallow, vocalize, and right themselves, 
they can neither eat nor walk, all “voluntary” movements having been 
eliminated. It can be inferred therefrom that the motor function of the 
cortex is that of integrating and regulating the relatively simpler reflex 
movements in a highly complex manner into the “voluntary” purposeful 
movement of the intact animal. That practically all of the somatic motor 
functions of the cerebral cortex are subserved by areas 4 and 6 is indicated 
by the fact that bilateral removal of these areas alone produces a com- 
pletely helpless animal, as limited in motor function as the decorticate 
“thalamic” preparation of Karplus and Kreidl (1914) (Bucy and Fulton, 
1933; Bieber and Fulton, 1933, 1938; Fulton and Dow, 1938). 

Anatomical Investigations 

Although the histological studies of the motor cortex are dealt with 
elsewhere (Chapter II), it must be mentioned here that during the period 
when cytoarchitectural maps of the cortex were being evolved in detail, 
much of the histological material was being correlated with physiology. 
Thus. Sherrington first reported the study of Campbell (1905) ; the \'’ogts 
(1907, 1919) dealt largely with function in considering cytoarchitecture; 
Brodmann (1909) considered function; and such studies as tho«c of 
Holmes and Page May (1909), on the origin of the pyramidal tracf«, and 
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Melius (1S99. 1901. 1905). dealing with bilaterality of function, were 
instigated largelj’ by functional considerations. 

Earlier Reviews 

Some earlier reviews of the literature on the above subjects may be 
found as follows’ Monakow (1902. 1914). Rothmann (1907), Fulton 
and Keller (1932a), Fulton (1938). Foerster (1936b), Penfield and Boldrey 
(1937), and Wilson (1925) The selected writings of Hughlings Jackson 
were published in 1931 and 1932. those of Sherrington in 1940. Volume 
XIII (1934) of Research Publications of the /Issoci'afion /or Research in 
Xervous Olid Mental Disease, was devoted to “Localization in the Cerebral 
Cortex.” 


PRESENT KNOWLEDGE OF SOMATIC 
FUNCTION OF THE CORTEX 

During the past ten years much of the older material concerned with func- 
tional localization m the cortex has been adapted to more recent contribu- 
tions along other lines so that today, although far from static, our con- 
cept of the cortical motor mechanisms is more definite than it has been in 
the past. There have been many previous publications which summarize 
special pliases of this recent knowledge, such as the text on neurophysiology 
of Fulton (193S. 1943). the book by Penfield and Erickson (1941) con- 
cerned with epilepsy, and the many papers of Dusser de Barenne (1933a. 
1935; Dusser de Barenne and McCulloch. 193Sc), Hines (1929, 1937. 
1940), Scarff (1940). and others. 

Since this progress in investigation has come about largely through use 
of newer methods, they will here be descnbetl briefly; the results of the 
use of some of these methods will be cited in greater detail later. 

Methods ol Investigation 

In recent years, refinements of the following techniques and procedures 
have facilitated observations on the motor functions of the cortex. 

Anesthesia — More or less recent improvements in the use of local 
anesthesia liave made possible the clinical observations of Cushing (1908. 
1926). Foerster (1931. 1936b; Foerster and Penfield. 1930), and Penfield 
(1939; Penfield and Boldrey. 1937) which deal with localization of func- 
tion in man By present methotls. conscious human subj'ects are now main- 
tained in good general condition with normal blood pressure and are 
sufficiently responsive to testify accurately to their experiences during 
cortical stimulation and ablation. 
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Similarly, in animal experiments it has been shown (Fulton, Lulclell, and 
Rioch, 1930; Fulton and Keller, 1932b; Keller and Fulton, 1931 ; Marshall, 
1941) that certain of the barbiturates leave the cortex less excitable than 
others, and that the blood supply to the relatively excitable cortex under 
ether anesthesia is greater than under barbiturates (Laidlaw and Kennard 
1940), but that under barbiturates nhen the cortex is less easily stimulated 
the hypothalamic blood vessels are relatively dilated These findings, to- 
gether with long practice m the use of the drugs, now make possible the 
choice of anesthetic for the desired effect in a given operation or experi- 
ment. The procedure of Dusser de Barenne and his associates (Bailey. 
Dusser de Barenne, Carol, and McCulloch, 1940; Bailey, Carol, and 
McCulloch, 1941a, b), during which chimpanzees and monkeys have been 
kept under dial anesthesia with evenly excitable cortices for several days. 
IS the peak of achievement in the use of such anesthetics 

Surgery— Clinical neurosui^ical techniques as first developed by Cush- 
ing (1908, 1926, 1928) have made possible an enormous number of pro- 
cedures, so that today, in man, cortical stimulation and the effects of 
ablation can be studied uncomplicated by great changes caused by general 
systemic reaction to the operation. The process of recovery has been 
enormously accelerated also. 

These techniques have been adapted to experimental purposes in many 
laboratories, most successfully for primates by Fulton (1934b, 103Gb, 
1937; Fulton and Keller, 1932a); Bard (1937-1938; Woolsey, Marshall, 
and Bard. 1942) ; Hines (Hines and Boynton, 1940) ; Barrera (Pacclla, 
Barrera, and Kopeloff, 1942); and many others. Immediate observations 
as well as those on chronic preparations are now %'alid as never before 

The special procedure whereby the Horsley-CIarke stereotaxic instru- 
ment IS used for stimulation or destruction of deep structures has been of 
assistance m the study of motor activity and has been developed to a higli 
degree in the laboratory of Ranson (Ranson, 1934; Harrison, 1938). 

Cortical Destruction — In addition to the knowdedge of function ob- 
tained from ablation and stimulation, there have been many attempts to 
destroy part or all of the motor cortex by other means The most success- 
ful of these have been: thermocoagulation (Dusser de Barenne, 1934a, b; 
Dusser de Barenne and Zimmerman, 1935), by means of which one or 
several layers of gray matter can be destroyed m a desired area without 
alteration m surrounding tissue; freezing (Trendelenburg, 1911; Hoff, 
1929; Hoff anclKamin, 1930; :Nims, Marshall, and Nielsen, 1941; Marshall. 
Xims, and Stone. 1941); and the use of various traumatizing chemical'’ 
such as alcohol, alum, blood serum, etc., which has culminated lately in the 
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production of chronic epilepsy in animals (Pacclla, Barrera, and Kopeloff, 
1942). 

Chemical Methods — The use of the glass electrode whereby changes in 
pH may be recorded from the surface of tissue such as the brain (Xims. 
Marshall, and Burr. 193S) has made available an analysis of a phenomenon 
long known to have been present clinically, namely, the augmentation of 
cortical excitability and hence production of epilepsy by deep breathing 
(i.e. change in pH) The methods are well described by their ^arious 
employers; the use of rebreathing m clinical cases by Rosett (1924) and 
in animals by Brody and Dusser de Barenne (1932); and use of the glass 
electrode by Marshall. McCulloch, and Xims (1939), Stone (1940a. b). 
Stone. Marshall, and Xims (1941). Gibbs. Gibbs, Lennox, and X'nns 
(1942) and X'mis. Gibbs, Lennox. Gibbs, and Williams (1940). The pH of 
the epileptic cortex has also been studied by Penfield (1933, 1937b: Pen- 
field. Santha, and Cipnam. 1939). 

Efforts to determine the clieinical composition of the brain tissue itself, 
both m vivo and in vitro, have boon used from early times ami have been 
informative. Page (1937). in his book on the chemistry of the brain, has 
discussed the various methods of chemical analysis. They are divided by 
Page into the following groups study of substances m the blood bathing 
the brain; analysis of cerebral tissue at autopsy or operation; analysis of 
cerebrospinal fluid; analysis of the chemical consequences of activity; and 
study of tissue culture e.xplants from the brain. 

Tlie effect of drugs on the cortex is also an old and uidely considered 
study. It has recently become of interest along several specific lines’ the 
study of the effect of artificially produced convulsions on such psychopathic 
conditions as catatonia (Jasper and Erickson. 1941); the relation of 
vitamin deficiency to cortical function (Peters. 1937; Ochoa and Peters. 
1938; Thompson and Johnson 1035), which is intimately concerned with 
the effect of cholinergic (Xachinansohn. 1940: Xachmansohn and Meyer- 
hof. 1941 : Williams. 1941) and of sympathomimetic drugs on motor status 

In addition to the above studies of brain metabolism there have been 
investigations of the effects of disorders of the motor system on the gen- 
eral metabolism of the organism (Dusser de Barenne and Burger. 1924; 
Bruhn, 1934; Rakieten, 1935, 1936) concerned largely with spastic and 
flaccid states. 

The use of strychnine by Dusser de Barenne (1924a. b) and his asso- 
ciates (Dusser de Barenne. Marshall. Xims, and Stone. 1941) has proved 
enormously valuable in functional cortical localization. Strychnine, which 
can be applied locally within the central nervous system, acts only on cell 
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bodies, exciting them to fire synchronously. The resultant disturbance as 
recorded by oscillograph, is a sudden spike-like voltage many times greater 
than the normal electric activity of the area strychninized It can be 
recorded from the axons and collaterals of any group of strychninized 
cells It is not transmitted unaltered to a second neuron. The axonal 
field of a group of cells, either on the cortex or elsewhere, can thus be 
disclosed. 

Electrical Methods — Development of electrical methods, nhich has 
been dramatically illustrated to the world by the radio, has been almost 
as revolutionary within the phj'siological laboratories. Both stimulation 
and recording have been elaborated, and the study of individual neurons 
of synapses, and of complex cortical structures has contributed much to 
our knowledge. 

There are now many adequate means of stimulation of the motor 
cortex which have supplanted the old, simple, and unreliable “Harvard” 
induction coil. The use of condensers has made available a more uniform 
type of stimulus (Wyss and Obrador, 1937); more recently, the thyratron 
(Penfield, 1939), the Sine wa\e (Hines, 1940), and the various develop- 
ments from these, such as the stimulator “B” of Goodwin, described by 
Dusser de Barenne, Carol, and McCulloch (1941a) have all provided ade- 
quate stimuli in which the shape and frequency of the wave are accurately 
controllable. 

An interesting but as yet not widely used method of study is that of 
Loucks (1934) and of Chaffee and Light (1934, 1935) in which electrodes, 
buried 111 a desired portion of cortex, are activated by bringing the intact 
animal within the influence of an electric field, thereby producing stimula- 
tion of the cortex adjacent to the electrodes. By this means, “remote” 
stimulation of the motor cortex may induce epilepsy in a relati\ely intact 
and normal preparation. 

All recording of electrical acthuty from the cortex is now done by 
means of the oscillograph. This instrument may be used for analysis of 
action potentials of single axons as well as of all the more complex Hints of 
function of the central nervous system. Its adaption to the clinical electro- 
encephalogram by Berger (1929) is now widely used (Gibbs and Gibbs. 
1941). 

Excitable Properties of Cortex in Relation to 
Somatic Motor Function 

From the earliest times, it has been known that repeated stimulation of 
living tissue may not always produce the same result (Bubiioff and Ileid- 
enhain, 1881; Exner, 1882; Graham Brown and Sherrington, 1912). Tiierc 
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followed studies of nerve and muscle which produced chemical and physical 
definition of such terms as “latency” “fatigue,” and “refractory penod.” 
These subjects are still matters of great concern to medical students, for 
they are the basis of knowledge of the reactions of living cells. When 
analysis of cortical properties was begun it was at once obvious that the 
changes in excitability here were subject to the same variants, but that 
they were both too complex and too minute to be explained as simply. A 
number of other phenomena were then described, to be further analyzed 
with the development of more refined techniques By far the greatest con- 
tribution has come from Sherrington and his pupils — Graham Brown. 
Leyton (Griinbaum), Eccles. Liddell, and Dennj'-Brown. Much of their 
work will be found in the volume of selected writings of Sherrington 
(1940). 

Various names have been applied to the factors causing variation of 
response to cortical stimuli: 

Facilitation of a response may occur with successive stimuli applied to 
one point. Under these circumstances ( 1 ) the response to a second stimulus 
of the same intensity as the first may be greater, i c. there may be spread 
of response from one muscle group— say in a finger joint — to involve sev- 
eral muscle groups or fingers, or even the whole hand : or (2) a given point 
may. after an initial stimulation, respond to a stimulus which was at first 
sub-threshold. The characteristics of facilitation have been described m a 
series of articles by Graham Brown (1915a, b. c. d. 1916a. b). by Dusser de 
Barenne and McCulloch (1939a). and by Rosenblueth and Cannon (1942) 

Extinction appears invariably when an appropriately timed second 
stimulus is applied to a given point. The expected second motor contrac- 
tion may be either absent or diminished (Dusser de Barenne and Mc- 
Culloch. 1936a, 1939a: McCulloch and Dusser de Barenne, 1935, 1939), 
the response being subject to the state of refractoriness of the point 
stimulated. 

Suppression, a third property, has been more recently described (Dusser 
de Barenne and McCulloch. 1939c. 1941a) and is less thoroughly under- 
stood than either facilitation or extinction. It is discussed in detail in 
Chapter VUI. Unlike facilitation and extinction, suppression is a property 
of certain cortical areas and is not universal to living neurons. Dusser de 
Barenne and McCulloch (1939c) discovered that in the monkey, cat, and 
chimpanzee, along the rostral border of area 4. there lies a strip of cortex 
(area 4s; figs. 91a, 97) which when stimulated will suppress electrical 
activity of the cortex, including that of area 4. Then motor activity cannot 
be produced by any form of stimulation therein. Further investigation 
revealed other suppressor areas rostral to area 0 (area S) and in the 
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parietal region (figs. 91a, 97). Suppression of electrical activity has several 
unique characteristics, as yet not entirely explained, chief among which is 
the nature of its time relations which are unusually slow Following stimu- 
lation of area 4s, as long as 10 minutes niay elapse before suppression 
appears. Activity in the affected area 4 may then be suppressed for as long 
as 20 minutes. The relations of the various cortical suppressor areas are 
well described by Dusser de Barenne and IMcCulloch (1939c, 1941a, b). 

Ajter-discharge occurs following a strong stimulus applied to the cortex. 
That is, after the stimulus has been removed, there follows a series of 
discharges which gradually die out (Erickson, 1940) and which are “self- 
sustained" (Rosenblueth and Cannon, 1942). It is possible that this rever- 
beration and reiteration, which in the motor system appears ns a series of 
contractions of somatic musculature, is effectetl through the basal ganglia. 
It has been used in the measurement of the spread of cortical excitation 
(Erickson, 1940). 

At the present state of knowledge, it can only be inferred that these 
infinitely complex properties of cortical excitability are, in the intact or- 
ganism, the means whereby integration of the infinitely complex and vari- 
able coordination of voluntary motor activity is accomplished. It can 
further be assumed that injury to a part of this organization disturbs the 
various functional elements, thereby producing spasticity, tremor, paraly- 
sis or whatever is characteristic of a focal lesion affecting motor activity. 

The details of the investigations of the electrical properties of the cortex 
may be studied further in articles by Lorenle de No {1935a, b) and Lloyd 
(1941). (See Chapter III.) 

There are several other factors directly influencing cortical excitability 
which will be mentioned here. 

The effect of chemical changes on excitability is one of the most recent 
to undergo analysis. The most important methods for this arc: the study 
of acetylcholine and cholinesterase during synaptic activity (Naclimati- 
sohn, 1940; Nachmansohn and Meyerhof, 1941); and the analysis of 
changes in pH with activity. This last has been carried out cither by 
analysis of changes in chemical relationships of carotid and jugular blood 
during acti\ity in man (Gibbs, Gibbs, Lennox, and Nims, 1942) or by 
direct measurement on the cortices of animals (Dusser de Barenne, Mc- 
Culloch, and Nuns, 1937; Marshall, McCulloch, and Nims, 1939; Stone. 
Marshall, and Nims, 1941). Since epilepsy represents a very large if not 
maximal discharge of cortical cells, it has been used extensively in this 
study of differences between resting and active cortex. 

Alterations in acid-base relationships are accompanied by vasomotor 
changes. Penfield (1933) has been able to observe directly during opera- 
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tion that the pial blood vessels of man change appreciably in color and 
size after cortical stimulation produced by a focal epileptic attack. 

There are many studies of the spread of excitability from one area to 
another and of the relationship of this spread to motor activity, usually 
to epilepsy, but these are discussed in detail in Chapter XIII. 

Localization of Function 

During recent years, functional methods of localization have done much 
to alter the maps of cortex originally differentiated by histological means, 
although there still remains a correlation between the two. One of the 
points to become clarified by these means has been that of the phylo- 
genetic differences in structure and function The constitution of the 
cortex of a rabbit (Brooks and Woolsey. 19-10). cat (Langworthj'. 192S). 
dog (Smith. 1935) and primate (Walker and Fulton. 193S) is nell estab- 
lished. and the progress of encephahzation of function can now be reason- 
ably traced. 

A profitable branch of this study has been that of \arious primate 
forms from the simpler tarsius and marmosets to the higher anthropoids 
(Fulton and Keller. 1932a: Fulton and Dusser do Barcnne. 1933; Walker 
and Fulton. 1038). Penficld. through stimulation of many brains of humans 
and comparison of the resulting maps, has constructed detailed plans of 
the arrangement of stimulable motor points m man (fig 113 p. 34S) 
(Penfield and Boldrey. 1937; Penfield and Erickson. 1941) 

In 1932. Milch, removing small portions of cortex from pre- or post- 
central g)Tus of the monkey, subsequently (raced the course of fibers from 
such regions to other cortical areas by means of Marchi degeneration, and 
thus demonstrated that within the sensorimotor field (areas 6. 4, 3. 1. 2. 5 
and 7 of Brodmann; figs. 2a-2b. p. 11. and 95. p 249) theie were multiple 
connections having a definite order in mmiber and distribution 

Dusser de Barenne (1933b). using the strychnine method, found that 
strychmnization anywhere within this sensorimotor area would produce 
a pain response in a lightly anesthetized cat Subsequent work in this 
same laboratorj' has shown more clearly the well-defined interconnec- 
tions withm the sensorimotor area of the monkey. The connections of this 
region with the remainder of the cortex are not extensive (Dusser de 
Barenne. Carol, and ^IcCulloch. 1941b). There is some evidence of motor 
function thronghovit this region, as it is possible under certain particular 
conditions to produce peripheral motor responses by electrical stimulation 
of the postcentral gyrus (Dusser de Barenne. Carol, and ileCulloch. 
1941a). Furthermore, there are some gigantic piramidal cells m both the 
postcentral gi-rus and in area 6. Thus, although the characteristics of indi- 
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vidual parts of the sensorimotor sector are well differentiated, it has as a 
whole certain features which differentiate it from the remainder of the 
cortex. 

By strychnine stimulation also, Dusser de Barenne and McCulloch 
(1936b) were able further to divide the sensorimotor cortex into leg, arm, 
and face bands (fig. 96). These experiments were carried out under dial 
anesthesia in the monkey. Later Rosenblueth and Cannon (1942) using 
the same species of monkey under chloralose, were unable to demonstrate 
these functional divisions, although by using dial they confirmed the find- 
ings of Dusser de Barenne and McCulloch. 

The discovery of suppression (Dusser de Barenne and McCulloch, 
1939c, 1941b) has made the most agnificant alteration m our concept of 
cortical interrelations (see Chapter VIII). The various “strip” areas of 
suppressor activity and their interrelations w'ere described by Dusser de 
Barenne, Carol, and McCulloch (1941b) m the monkey; by Carol (1942) 
in the cat ; by Bailey, Dusser de Barenne, Carol, and McCulloch ( 1940) and 
by Dusser de Barenne, Carol, and McCulloch (lD41a) in the chimpanzee. 

In the following discussion of the functions of the various parts of the 
somatic motor areas, reference is made to subdivisions as designated by the 
maps of Dusser de Barenne for both monkey (fig. 91a) and chmipanzeo 
(fig 97), and as shown in the frontispiece for man. 

Area 4 — In all primate forms area 4 lies just along the anterior lip of 
the central sulcus and is characterized grossly by the presence of numerous 
Betz cells in the fifth cortical layer. Its functions are almost entirely motor 
and Its functional characteristic is the integration of discrete voluntary 



Fig 96 Sen'onniotor cortCN of Macaea Mufnlln a- rcicalcd b\ nirtbo*! of loc il rir) t 

izjtion The dotted lines indicate bouDdane- between Mibilui-ioni of the ^^n'0^l^loto^ zone, 
the sh ided areas the extent of this zone After Du-^er dc Ilarinne (1933a) 
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motor acts as described originally by Hughlmgs Jackson (1875) and later 
by Foerster (1936b). 

Although the site of area 4 in man and monkey differs in detail, and 
although It IS true that individual voluntary movements in man are more 
discrete than in monkey, the characteristics of area 4y in man and of area 4 
m subhuman primates are sunilar. By electrical stimulation in monkey 
and chimpanzee (Fulton. 1936b) and in man (Penfield and Boldrey. 1937), 
individual fine movements of finger joints, lips, tongue, or any distal por- 
tion of an e.\tremity can be elicited. However, as stated by Penfield and 
Erickson (1941), these movements are never those accomplished normally 
by the corte-v, but rather isolated components of the much more complex 
normal skilled and voluntary' acts. 

Representation of somatic musculature in area 4 is ah%'ays of the same 
pattern (fig. 9S) although actual convolutional relations vary with indi- 
viduals. Distal portions of the extremities arc always more widely repre- 
sented than proximal, and hands are more widely represented than feet. 
The order of frequency of points producing movements in Penfield's 
humans was: hand (most frequent), tongue, lips, arm, face, thumb. Stimu- 
lation near the central sulcus or on its anterior lip always results in smaller 
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and more discrete movements than does stimulation farther rostral. In 
area 6 are integrated the largest and least differentiated responses. 

Focal motor epilepsy in man has been found repeatedly to be related 
to small lesions affecting specific parts of area 4, and it is often the case 
that the first epileptic attack of a patient or the first movement of each 
successive attack is of one such small and particular muscle group It is 
usual that a group of muscles functionally associated are all affected as 
originally postulated by Jackson and that single muscles do not contract. 
During experimental cortical stimulation, however, we have frequently 
produced contraction of a single muscle, and there seems no reason why 
this should not be possible, although it is equally obvious that “voluntary" 
movement is seldom if ever so limited. 

Although localization of motor function is more specific in area 4 than 
in other parts of the cortex, there is some functional overlapping within it, 
for It is known that large lesions of this area involving arm and leg cause 
greater and more permanent deficit in the arm than do lesions of the arm 
area alone (Kennard, 1936b). Also, following unilateral ablation of the leg 
area in a chimpanzee, removal of the contralateral leg area at a second 



Fiq 9g — Chart of motor scqiiepcp for iiglif hemiapliero, jndicatinc the scqTirnoe of iiiotop 
rospon'Co m the Rolandic cortOT fioni the inedun fiviure (toe«) to the SjUi.m fi-'Ure (>■^^ il- 
lou) The broad ^crtIcal line rei>rc^nti, the fi-ure of Rolando The lencth of indi\itiiuj 
horizontal lines to riRht indicates the proportiond number of points anterior to the centnl 
siilcus Their lenjjth to the left jndicafes the numlxir of points jiostenor to (hat fi-'iiro wliieli 
ga\e rcspon'CS in the pirt as shovin b\ the names in the column .it the left All face iiioio- 
ment- are mcliided under the he.iding ‘‘lip« ” Hand moM-ments inrlude inoiements of all 
finger' together After Penfield and Iloldrej (1937) 
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operation caused increased deficit of the leg affected by the first operation 
(Fulton and Sheehan. 1935) 

The paralysis or paresis produced by destruction of part or all of area 4 
in all primate forms is as characteristic of that area as is its epilepsy. Extir- 
pation is followed immediately by a complete and flaccid paralysis which is. 
however, only transient in the monkey and chimpanzee and which shows 
some recovery in man. Recover^' begins in the proximal joints and appears 
last in hands and fingers. The ability to move is gradually regained, par- 
ticularly gross movements Reflexes become hyperactive, but increased re- 
sistance to passive manipulation does not appear unless areas 6 and 4s are 
injured also. After complete destruction of the representation of a limb or 
part in area 4. discrete voluntary movements never reappear, although 
postural and associated movements may be adequate for walking and other 
postural adjustments. Isolateil iliscrete movements such as prehension are 
never possible. 

The relation of area 4 to the pyramidal tract has been discussed else- 
where (Chapter VI). h should be remembered at this point, however, that 
most, but not all. of the direct cortieo-spmal tract degenerates when all of 
area 4 is removed; that large pyramidal cells are found in areas 4s and 0 
and in the postcentral gyrus, but that most are in area 4 (see Chapter II). 
Hence, area 4 the true motor area, must be associated with mediation of 
impulses chiefly via the pyramidal or direct cortico-spinal tract. 

Placing and Hopping Reactions. The presence or absence of normal 
function within the motor area can be tested by means of the placing and 
hopping reactions in animals and to some extent m man. as described by 
Bard (1937-1938) If the arm or leg of an animal is brought m contact with 
an object, such as the side of a table, the limb will at once be raised and 
placed upon the table. Similarly, if an animal is held over a fiat surface with 
one limb in contact with this surface and moved in either direction, it will 
“hop” with that leg. keeping it in place beneath the body. The afferent 
side of tlie reflex arc may be either proprioceptive or tactile in the case of 
placing but is only proprioceptive in hopping. Tseither reflex will occur if 
parietal cortex is destroyed on both sides, but when the afferent part of the 
reflex arc is intact, injury to area 4 will affect these responses (Brooks and 
Peck. 1940) This is perhaps the simplest reflex performance which has 
been found dependent on area 4. and hence is useful in evaluation of its 
function. It can be used m children, but not in adults It is absent m in- 
fants of all species tested but appears, possibly, at the tune of beginning 
function of the pyramidal tract. 

Area 4s — In 1936 Hines reported that the anteiior border of area 4 in 
the macaque had specific physiological characteristics which differentiated 
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it both from area G anteriorly, and from area 4 lying on the other side. 
Ablation of this region, either unilaterally or bilaterally, resulted in tran- 
sient spastic paralysis. Removal of tissue in area 6 rostral to this strip 
resulted in forced grasping but not in spasticity. Hines, therefore, sepa- 
rated the cortical region responsible for spasticity from the larger motor 
areas. lesions of which cause syndromes which include spasticity. Although 
this finding has not been verified by isolated ablation in man. it is to be 
expected that it exists, for reflex grasping and spasticity are very commonly 
found separately. 

McCulloch. Graf, and Magoun (1946) have demonstrated that effer- 
ent fibers from area 4s in the monkey diverge from the cortico-spinal tract 
in the pons to end in the reticular formation of the tegmentum of the 
bulb. These are presumably the fibers having to do with the relaxation of 
peripheral muscular contraction (Ward. 1947). The experimental observa- 
tions of Wagley (1945) that interruption of pathways m the ventral divi- 
sion of the lateral columns or m the \entral columns of the spinal cord, 
without injury to the pyramidal tracts, is followed by some of the 
phenomena of release, may indicate that the secondary’ inhibitory efferent 
fibers descending to the spinal cord from the bulbar reticular formation 
may pass downward in this part of the spinal cord. Some unpublished 
observations of Lettvm support this assumption and further indicate 
that these inhibitor^' fibers may terminate upon internuncial neurons in 
the anterior grey horn which then transmit the inhibition to the anterior 
horn cells. 

Dusser de Barenne and McCulloch (1939c) found that this same strip 
of tissue, now called area 4s (figs. Ola. 97). possessed the quality of 
“suppression" described above. Further investigations by the same authors 
and by Carol (1942) have identified this strip in the cat. monkey, and 
chimpanzee and have found it to be part of a series of strips all acting 
as suppressors which bound the other regions of the sensorimotor cortex. 
Strychninization has established direct functional connections from area 4s 
to caudate nucleus (Dusser de Barenne and McCulloch, 193Sc) These have 
not. however, been seen by Marchi degeneration following lesions made in 
area 4s (Yerhaart and Kennanl. 1940). It is possible that this is due to the 
absence of myelin in such connections, since Ramon y Caj'al (1909-1911) 
described collateral fibers entering the basal ganglia from the adjacent part 
of the internal capsule. 

Bucy and Carol (1944) have demonstrate<l the existence of area 4s 
in man by means of electrical stimulation. 
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Although the details of these suppressor areas remain to be worked out, 
tRe characteristics of suppression, which are so different from those of any 
other excitable characteristic of the central nervous system, together with 
the implications which a suppressor area has for "higher” integration of 




Fig ipo— C\loirchitrctur.!l and functional «ibdnMon« of tlic certhrat cortex in tlic 
lnonke^ (cercopiihccii-) Afttr C. A O ^oet (191*)) 
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function, makes the discovery of these areas one of the most interesting 
of recent findings concerned with the cerebral cortex. 

Area 6— The region lying rostral to area 4s. which is still a portion of 
the sensorimotor areas, has specific histological characteristics described 
elsewhere (Chapter II). From its cell structure it has been divided into 
areas 6 and 44. The subcortical connections of areas 6 and 44 are “extra- 


pyramidal" except for a few direct cortico-spinal fibers. Confusion as to 
their structural boundaries exists because there have been differences of 


opinion as to tlie limits of area 8. For purposes of functional differentiation, 
the anatomical divisions of Richter and Hines (1938; fig. 101) for the 
monkey and of von Economo and Koskinas (1925; fig. 3a) for man are 
more useful than others since they describe area 8 (area FC of von Econ- 
omo; fig 3a) as extending to the mid-line (see also frontispiece). In the 
discussion to follow, that region rostral to area 6 which integrates eye 
movements uill be considered as area 8. although, as will be shown later, 
this IS not entirely satisfactory. (See Chapter XII.) 

Area G lies between areas 4 and 8 (fig. 101 and frontispiece) and is 
thcicfore bounded on both sides by a suppressor area — 8 and 4s (figs. Ola. 
97). It IS 0 motor area within uhich there is some localization of function, 
but nothing as discrete as that within area 4. The effects of stimulation of 
area 6 have been well described by Fulton (1937) and Wyss and Obrador 
(1937). Bucy (1933, 1930) summarized them as follows: 


1 SlimiiUtion of area 6 of the* |>nmatc 
brain gi\M ri'e to (a) Su-tained coDtruc- 
tion< of moderate'll eninll groii{j> of 
in the contralateral oxtrcmitiet Tlie<c re- 
•jion-C'' are ineduted bj hbers which 
to .iiea 4 (b) Conijilcx pro«re'-i\<» iind 
rhi thmic mot ements m the eonlral.iteral 
extremities, which are effected at |pa«t m 
iurt bv fiber' which are ilirect projection-* 


of area 6 independent of area 4 (c) Re- 
•pon-ea in the ipsilateral extremities, pnnci- 
palU the lower ones, and the tail (d) Tor- 
sion mo» ements of the trunk and pelt is 
2 The threshold of area 6 i-* higher than 
tlai of area 4. becomioii increasingly greater 
for each of the four ltpe» of response in the 
order IMed. except for c and d which are 
essentially the same 



Fio 101 — Map of cerebral cortex of mulntla, showing area S extending to nnd- 

Ime After Richter and Hines (103S) 
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3 The responses of area 6 are much more 4 The movements elicited from area. S 

susceptible to anesthetic drugs, especially are much more prone to pass into epilepti- 

the barbiturates, than the responses of form after-discharge than are those evoked 
^rea 4 from area 4 

The syndrome which results from lesions in area 6 is well known. There 
is marked bilaterality of function, much more pronounced than in area 4 
(Fulton, 1933-1934, 1934a, 1937; Kennard, Viets, and Fulton, 1934; Rich- 
ter and Hines, 1934). Reflex grasping or forced grasping (Fulton, 1934a; 
Fulton and Dow, 1938) is the most unmistakable sign of disturbance of 
function within area 6, probably in its rostral portion only. Its existence 
in the newborn (Allen, 1939; Bieber, 1940; Bieber and Fulton, 1933; Hal- 
verson, 1937; Richter, 1931), its disappearance with the acquisition of 
voluntary motor activity, and its re-appearance in pathological instances 
have incited many discussions (Wilson and Walshe, 1914; Fulton, 1934a). 

As stated above (in the discussion of area 4s), forced grasping may 
occur with or without spasticity. The latter is most often true in man 
where a reflex involuntary grasp may be found without any other change 
in reflex status, tonus, or motor performance. It may occur in the chim- 
panzee and monkey as well. The greater differentiation of signs in man 
may be due to the fact that, with elaboration of the frontal cortex, area G 
becomes both larger and more highly differentiated than in the lower 
primates 

Reflex grasping, especially when the lesions are bilateral, is commonly 
associated with other changes in the more complex phases of motor per- 
formance. Particularly in man, phenomena such as apraxia and persevera- 
tion appear. Hypomotility together with indifference or apathy are often 
observed in such patients, and similar traits are found in monkeys (Bi- 
anchi, 1922). 

Spasticity, with or without reflex grasp, is usually present following 
lesions of area 6, although it is more marked if the lesion includes area 4s 
also It IS greatest and most long-lasting in the monkey and chimpanzee 
when all of areas 4, 4s, and 6 have been removed. 

By spasticity is here meant amply an increased resistance to passive 
movement together with increased tendon jerks. The resistance is of the 
“clasp-knife” variety, i.e., it is greatest during the intermediate part of a 
passive flexion or extension, but becomes less when the limb reaches 
either extreme of its movement. This is the type of increased resistance 
which has been thought to be due to heightened lengthening and short- 
ening reactions. 

Area 44 — Of area 44 (frontispiece and figs. 8, 9, 17) there is little know n 
as yet which differentiates it from the closely adjacent areas integrating 
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simpler motor functions of the eyes (area 8) and of the face, such as 
tongue, lips, and pharynx (Walker and Green. 1938; Dusser de Barcnne, 
McCulloch, and Ogawa. 1938), which are dependent on the face divisions of 
areas 4, 4s. and 6. Its functions are related to movement of these parts 
in all primate forms. 

In man. area 44 has been elaborated into the speech area of Broca, 
whose functions have been analyzed largely through the study of motor 
aphasia, a subject at once too large and too specialized to consider further 
here (Nielsen. 1936). 

Area 8 — Although this paper deals largely with areas 4 and 6. no dis- 
cussion of cortical somatic motor function should exclude area 8. because 
it has somatic motor functions which are often closely associated with those 
of the adjacent area 6. Moreover, since the border between areas 6 and 8 
(fig. 101) is not sharply defined, either anatomically (Walker, 1940a) or 
functionally, it must be considered as part of the motor areas and as having 
functional characteristics very similar to those of area 6. except that, in the 
case of area 8. the movements elicited have to do primarily with the ex- 
trinsic muscles of the eye. The excitability characteristics of areas 6 and 8 
also are very similar. Each has a high threshold and requires a long stim- 
ulus by a relatively slow wave compared with that which will excite area 4 
(see Chapter XII). 

Mcsially in area 8. i e.. rostral to area 6. lies an area stimulation of 
which produces pupillary changes. Iid movement, and conjugate movement 
of the eyes. Often this is accompanied by head movement which merges 
with tonic movements of head and neck, such as are commonly elicited 
from area 0 just caudal to 8. Farther laterally, within the arcuate sulcus in 
the monkey, the primar>’ movement on stimulation is usually conj'ugate 
deviation of the eyes, followed by head, axcay from the side of the stimulus. 
Ablation of this area causes transient conjugate deviation of the eyes 
toward the side of the lesion and a circling of the animal in the same di- 
rection (Kennard and Ectors. 1938). Jlore laterally still, stimulation pro- 
duces eye and head movements at points verj’ close to those which will 
evoke primary discrete movement of other parts of face or neck muscu- 
lature. in face areas G and 4 (Smith, 1936) (see Chapter XII). 

Relation of Postcentral to Precentral Areas 

The remainder of the sensorimotor cortex, the parietal region, is closely 
associated with the precentral areas in several ways. Anatomically there 
are known to be hea\'j' U-fibers connecting the two. and direct cortico- 
spinal efferents descend from the parietal regions (Levin and Bradford, 
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1938) (see Chapters IV, V, VI). Strychmnization has shown that there are 
direct functional connections (Dusser de Barenne, Carol, and McCulloch. 
1941b) (see also Chapter VIII and fig. 103). The exact motor function of 
the postcentral area is in doubt, but it is probably minimal in both man 
and monkey, for its removal affects motor performance only indirectly by 
alterations in sensory perception (Kennard and Kessler, 1940). 

There are two other signs related to disturbances of motor function 
which have been associated with the postcentral region, namely flaccidity 
and atrophy. 

Flaccidity, or diminished resistance to passive manipulation, probably 
occurs transitorily m any cortical paralysis, but with recovery of function 
it is swiftly converted to spasticity following lesions involving area 4s, and 
disappears with the paresis following lesions of area 0. Ablations restricted 
to area 4 cause more enduring flaccidity and paresis, especially m man, but 
in the monkey, when 4s is presumably not injured, the resistance to pas- 
sive manipulation returns during recovery to about normal, and tendon 
reflexes become slightly hyperactive. The degree of recovery of the flac- 
cidity is about the same as that of paresis in individual instances. 

Pure parietal ablations produce a much longer-lasting flaccidity in the 
absence of true motor paresis. Such monkeys show loose and flail-like 
resting limbs, which may, however, be voluntarily moved both quickly and 
accurately. With recovery they may have definitely increased tendon re- 
flexes at a time when resistance to passive manipulation is markedly less 



Fig 102— Cortico-strntal conncctioito m Macaen mutatta NC, niicli'u., c.itidilu'*, A 
putamen, GE, globus pallidui cjctemu!., GI, globus pallidus mternus iMo<iirie(l nftrr r)ii»'<f 
(le Barenne, Carol, and McCulloch (l&llb). (Cf fig 81 ) 
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in the affected limb as compared to that in the normal side. This same 
finding of increased tendon reflcAes and flaccidity may appear also, but for 
a much shorter period, during recovery from lesions restricted to area 4. 
It is difficult to explain on the basis of heightened stretch reflexes which 
are ordinarily thought to be the cause of spasticity. 

These data indicate that in monkeys and chimpanzees lesions of caudal 
parts of the sensorimotor cortex tend to produce flaccidity. whereas those 
in the region of area 4s make greatest spasticity. In man. flaccid cortical 
paralyses are rare, although they do occur, and it is a common clinical 
belief that cortical lesions, if caudal, are apt to produce flaccid paralysis, 
but if situated rost rally, the paralysis is spastic. 

Atrophy, like flaccidity, may appear with paresis of cortical origin 
(Guthrie. 1917-1918). It is apt to be more marked in flaccid than in 
spastic extremities. (See Chapter XIV.) 
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Fio 103 — Table of direct fimctiODil relations between the \arious cortical bands of the 
arm subdi\i'ioD of the chinipanrec Anterior and posterior borders are the limits of seniori- 
motor cortex The suppre-^ion of electric*! actnip of xanoiis biniL on strx'cbninization of 
bands 1. Ill, VU, and XI « indicated thus — ^FCEy fi'.-.ure centraU^, *. no cert.'iin eiidence, 
Y. ‘'firms" (--eo fis 97) .After Diilej, Dusy«er de Bircnne, G.irol, and McCulloch (lOtO) 
(Cf fig 91b, j. 233) 
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Effect of Other Structures on Function of 
Precentral Motor Cortex 

Thalamus — The present concept of the thalamus is that of an organiz- 
ing way-station connecting afferent impulses with the cerebral cortex, 
chiefly in the parietal region. Since it is concerned largely with sensation 
little could be discovered of its function by use of experimental animals 
beyond that inferred from anatomical studies (Walker, 1938a) until the 
development of three recent techniques; (1) strychmnization; (2) meas- 
urement of the cortical potentials which result from peripheral stimula- 
tion; (3) the use of the conditioned reflexes. 

Strychninization of the precentral cortex of a lightly anesthetized cat 
(Dusser de Barenne, 1937b; Dusser de Barenne and Sager, 1937; Dusser de 
Barenne and McCulloch, 1941a) causes signs of sensory irritation. Strych- 
nine placed at various points throughout the circuit has demonstrated in 
addition, by oscillographic recordings, an orderly connection of the various 
thalamic nuclei with the motor areas, not only indirectly via parietal lobe 
but directly also (McCulloch and Dusser de Barenne, 1940). As will be 
shown in the next section, parts of these circuits pass through the striate 
nuclei. Direct connections from the thalamus to area 4, as well as to the 
postcentral gyrus, have been determined by the same method. 

A series of papers by Derbyshire, Rempel, Forbes, and Lambert (1930). 
Forbes and Morison (1939), and Dempsey. Morison, and Morison (1940- 
1941) have traced the course of afferent impulses from stimulated periph- 
eral nerves to cortex. The findings are summarized in the last paper (1940- 
1941). A primary response to stimulation of a sciatic nerve of a cat appears 
as activity in the leg portion of the sensorimotor cortex with a latency of 
8-10 Msec. This response is abolished by lesions which destroy the thalamus 
or the lateral division of the medial lemniscus, but not by lesions elsewhere. 
It is inferred by the authors that this pathway has to do with sensations 
of touch and proprioception. 

Basal Ganglia — Knowledge of the functions of the basal ganglia in 
relation to the motor cortex is at present at a stage of active development, 
and many of the old uncertainties have recently been eliminated. 

As the structure of the large cells m the basal ganglia is of a motor 
type, and as destruction within these nuclei has long been considered clin- 
ically to produce disturbances in the rhythm of movement, such as tremor 
or athetosis, it uas early decided that the motor cortex must be related to 
these relatively large structures. In vertebrates, such as birds, with very 
little cortex, the function of the basal ganglia is unquestioned, but in 
higher animals repeated attempts to investigate the function of catidafc 
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nucleus, putamen. and globus pallidus had brought forth nothing of posi- 
tive nature (Rioch, 1940) Early effort at stimulation and ablation (Wil- 
son, 1925) of these nuclei produced no alteration in motor status Houever. 
very early in the history of surgery of the motor cortex (see Bucy. 1940) it 
was found that partial ablation of the precentral motor cortex in man sub- 
dued the involuntary movements which resulted from disorders of basal 
ganglia. .Vs will be discusscfl in Chapter X\', much theory and practice has 
been applied during the last few years to this matter in an effort to relieve 
the distressing symptoms of involuntary motor acts in man (Bucy. 1940. 
Meyers, 1940. 1942a, b). 

The experiments of Mettler, Ades. Lipman. and Culler (1939; see also 
Mettler. 1940) were the first to furnish a lead as to function of the basal 
ganglia by use of experimental animals They reported that stimulation of 
the caudate and putamen during repetitive stimulation of the motor cortex 
would markedly alter the t>’pe of response elicited Interdependence of 
function of the two regions was thus clearly shown. In this laboratory 
(Kcnnard and Fulton. 1940, 1941). confirmation of this has been complete 
Tremor, athetoid movements and spasticity have been produced by abla- 
tion of portions of caudate and putamen together with area 0 of the 
cerebral cortex in both monkeys and chimpanzees Isolated ablations from 
basal ganglia do not alter motor perforinanco unless they are very laige and 
unless they are bilateral. -Much smaller lesions of basal ganglia arc effec- 
tive if area G is removed also. Bilatcrahty of function and lack of localiza- 
tion within the nuclei probably account for the negative results obtained 
from lesions made by previous investigators It is now certain that by inter- 
action with the precentral motor cortex, area G in particular, the basal 
ganglia function to coordinate and “smooth" voluntary motor performance, 
as integrated through the motor cortex It is not 5 ’et certain by what an- 
atomical means this is brought about, for, although Dusser cle Baienne and 
McCulloch (193Sc) and Dusser de Baremie. Carol, and McCulloch (1940) 
found functional connections from cortex to basal ganglia by stryehniniza- 
tion. the direct anatomical connections which have thus far been demon- 
stratod arc slight and probably non-metlullatcd (Verhaart ami Kcnnard. 
1940). It is of interest that Dusser de Barenue and McCulloch report 
functional localization within the sj'stem which is not related to distribu- 
tion of limb movement but which connects the suppressor area 4s to the 
caudate nucleus, and area 6 to the putamen (fig. 102, p. 270). 

Cerebellum — The interrelations of cerebrum and cerebellum with re- 
spect to motor performance have been recognized clinically for many years, 
largely because occasionally a tremor which results from frontal lobe dis- 
orders has been diagnosed as due to cerebellar disease in man (Gordon. 
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1934) (see Chapter X). There is as yet no satisfactory explanation of this 
on an experimental basis, since the majority of lesions of the frontal cortex 
do not produce tremor. It is possible from recent evidence (Kennard and 
Fulton, 1940) that it is due to involvement of basal ganglia. The effect of 
cerebral cortical lesions on tremor of cerebellar origin has been shown by 
Fulton (1931, 1936b; Fulton, Liddell, and Rioch, 1932) (see Chapter XV) 
In a hemidecerebellate monkey removal of the opposite cerebral hem- 
isphere abolishes the tremor, removal of area 4 transiently diminishes it, 
but, in contrast, removal of area 6 is followed by its augmentation Thus 
a marked interdependence of these two motor areas of the central nervous 
system has been shovu. 

Discussion of Functional Organization of 
Cortical Motor Activity 

In this review, since it has been impossible to quote the very large bulk 
of material in detail, an attempt has been made to cite representative 
authors and the methods they ha\e used in developing our present concept 
of the motor functions of the cortex. It is evident that the first discoveries 
were those of discrete focal cortical areas responsible for individual move- 
ment, but later study of the interrelations of these focal areas uith other 
cortical and subcortical units has produced the concept of a functional 
whole which is more in harmony with the execution of coordinate voluntary 
motor activity It now seems certain that the cortical meshwork postulated 
by Hughlings Jackson has been traced in many of its details, so that the 
connections of motor areas to pre- and postcentral cortex and to subcortical 
centers can be visualized. 

During these studies some evidence has appeared which points to 
another type of functional interrelationship, namely, a capacity witlnii 
this system for variation or for reorganization of function under certain 
circumstances. The studies have been made largely on recovery of function 
following lesions of the central nervous system. Observations on infants 
and young animals have been particularly valuable 

Motivation has been found to affect recovery after injury of cortical 
tissue in rats by Lashley (1938) and in monkeys by BiedI (1S97) and by 
Ogden and Franz (1917-1918). Ogden and Franz produced paresis in 
monkeys by unilateral cortical lesions and reported marked increase m rate 
of recover}’ of the affected bmb if the sound ipsilateral limb was bound 
up and immobilized so that the paretic one must be put into use. 

The relation of use to stimulation by cholinergic drugs is under investi- 
gation at present, for it has been found that both peripiieral ncr\-c lesions 
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(Wolf, 1940) and cortical ablations (Ward and Kennard, 1942) are recov- 
ered from more rapidly when cholinergic drugs are administered to the sub- 
ject. Most of the practice of ph 3 'siotherapy today is. of course, based upon 
recovery of function with use It is possible that cholinergic substances play 
a role in such recovery. 

Recovery of function may be based also on cortical organization within 
the normal hemispheres. Thus, although leg and arm area 4 are physiologi- 
cally separate entities, removal of both produces greater deficit in a limb 
than does removal of the center for that limb alone (Kennard. 1936b). 
Representation in both hemispheres also may be responsible for the recov- 
ery of function which follows removal of the area most responsible for a 
given movement (Fulton and Sheehan. 1935). 

Age markedly affects recovery, for cortical ablations from infant 
monkej’s during the first weeks ot life, and from older animals of the same 
species during all stages of subsequent development, have shown that the 
cerebral corte.x of the young possesses a greater capacity for reorganization 
of motor activity following partial ablations of the motor areas than does 
that of the adult (Kennard. i936b. 193S. 1940. 1942) Thus, bilateral ab- 
lation of areas 4 and 0 from an adult monkey is followed by no or. at best, 
little recoverj’ of voluntary function (see also Chapter XIV. p 384). 
Such an animal remains unable to stand or feed but shows the simple 
reflex righting patterns (Bucy and Fulton. 1933; Bieber and Fulton. 1933, 
193S). In contrast, after removal of similar areas, a young infant monkey 
shows very little change in motor status from its preoperative level More- 
over. young animals under about six months recover sufficiently after loss 
of areas 4 and G bilaterally to be able to care for themselves adequately: 
those operated on during the first weeks of life show more adequate motor 
performance than the older infants During the remainder of the first two 
3 ’ears of life (this species, Macaca mulatto, matures at four j’ears of age) 
these monkej's still retain some of the capacitj’ to reorganize the inte- 
gration of motor performance. 

That the remaining cortex is responsible for this integration has been 
shown by subsequent removal of non-motor areas, such as frontal poles or 
postcentral regions. In the nonnal animals this alters motor status little 
if at all, but when extirpateri after the previous removal of areas 4 and 6 
in infancy, the ablation of these areas markedly affects the capacity for 
organized voluntarj’ movement. 

It is probable that such capacity for reorganization of function exists 
in the human infant also (Kennard. 1940a) since relatuely large injuries 
receiveil at, or before, birth \ery often cause little or no deficit when com- 
pared to that produced bj’ the equivalent lesion in an adult. 
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In a discussion of the factors underlying this capacity for recovery 
Jacobsen, Taylor, and Haselrud (1936) oflfer three possibilities (1) the 
subject learns to adjust to the loss of function; (2) there is vicarious as- 
sumption of function by some other part of the nervous system not previ- 
ously concerned with this function; (3) there is reorganization within a 
partially destroyed system. Present evidence indicates that in the case of 
paresis it is impossible to adjust to the loss of function, and there is no need 
for the second assumption if one considers the entire cortex (except the oc- 
cipital and temporal lobes) to be one functional unit. We must, therefore, 
conclude that when motor performance is reintegrated after ablation of 
areas 4 and 6, there has been only a partial destruction of the central repre- 
sentation of the motor system. 

Physiological studies of hemiplegias lu both man and monkey show that 
the marked capacity for functional restitution exists throughout the in- 
terval before development of adult motor activity occurs. Since very recent 
anatomical studies of the cortex of the young human (Conel, 1939, 1941) 
show that the gray matter of the one-month-old child has neither the cel- 
lular nor dendritic structure of the adult, it is entirely possible that part of 
the reorganization may be due to completion of an anatomical organization 
which had not entirely matured at the time of injury. If during this early 
period dendritic synaptic connections are not fully formed, it is conceivable 
that during posttraumatic development unusual connections are formed 
which would not normally have functioned. Such a concept of the organi- 
zation of the motor functions of the cortex is possible, if the r^-nnal cortex 
18 visualized as an infinitely complex network of interrelated neurons, con- 
stantly responding to chemical and electrical fluctuations, capable under 
normal circumstances of adjusting to disturbances of cortical and sub- 
cortical structure within limits which become more restricted as the age 
of the organism increases. 
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RELATIONSHIP TO THE CEREBELLUM 

I T HAS LONG BEEX KXOWX that, in phylogenetic development, the 
cerebellar hemispheres develop simultaneously with the cerebral hemi- 
spheres. In such an aberrant offshoot as the birds the almost complete 
absence of the cerebral cortex (Bremer. Dow. and Moruzzi. 1939) is accom- 
panied by absence of cerebellar hemispheres and pontine nuclei (Ariens 
Kappers. Huber, and Crosby. 1036). -Moreover, if the cerebral hemisphere 
is injured early in the development of the human being there results a lack 
of development of the contralateral cerebellar hemisphere (Turner, 1856). 
Facts such as these indicate that there is some essential relationship be- 
tween the cerebral hemisphere and the opposite cerebellar hemisphere. As 
evidence accumulates it becomes app.arent that areas 4 and 6 are particu- 
larly implicated We propose to summarize here the pertinent data ami 
attempt to formulate the meaning of this relationship. 

Anatomical connections are suf5ciently complex in the central nen'ous 
system to make it obvious that no part of it performs any function inde- 
pendent of. and isolated from, many other parts. Functions are not local- 
ized in specific parts of the system, but all arc parts of a functioning whole. 
Xeiertheless. experience has proved that destructive lesions cause varied 
symptoms, depending on the localization of the injury, and that a given 
function may be deranged by injuries at different places in the nervous 
system, making it necessary to distinguish anatomical complexes utilized 
by certain functions. E\en before the functional significance of an anatomi- 
cal complex is known its study may indicate what functions it may serve 
The great efferent pathway from areas 4 and 6 is the effector pathway of 
many functional complexes, but the anatomical connections between the 
motor area of the cerebral cortex ami the cerebellar hemisphere are suf- 
ficiently prominent to indicate that the latter exercises an important in- 
fluence on its functioning. 

All of the subsequent discussion refers to the macaque monkey unless 
otherwise noted. This is the only primate on which much experimental 
work has been done. Whether the findings are valid for man is often con- 
jectural. but what scanty and imperfect data we have indicate, in spite of 
a continued evolution, a broad general correspondence. 

Experimental Anatomical Data 

Corticopontine Projection — The exact origin of the corticopontine 
fibers is still not definitely settled. Most authors agree that no such fibers 
arise from the frontal cortex antenor to area 0. although Mettler (1936) 
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believes that some come from area 9, and Levin (1936) believes that some 
may arise from the inferior frontal gjTus. Corticopontine projections from 
areas 4, 4s, and G have been described by Levin (1936), by Sunderland 
(1940), and by Verhaart and Kennard (1940), all using the INIarchi 
method. In addition, temporopontine fibers have been found by Mettler 
(1935-1936) and by Sunderland (1940), but not by Rundles and Papez 
(1938) or by Bucy and Kluxer (1940). Parietal pontine projections have 
been described by Mettler (1935), by Rundles and Papez (1938), by 
Sunderland (1940), and by Clark and Boggon (1935). There seems to bo 
general agreement about the parietal projection and also concerning the 
less numerous occipitopontine fibers (Mettler, 1935a; Sunderland, 1940). 

The differences in the findings of various authors may be due to the 
uncertainties of the March! method, especially concerning the termination 
of these systems. Sunderland (1940) found that all of the frontopontine 
fibers pass through the posterior limb of the internal capsule and the 
medial third of the peduncle. They appear to end ipsilaterally in approxi- 
mately the rostral three-fourths of the pons, about the dorsal part of the 
pontine nuclei. 

Pontocerebellar Projection — All investigators are in accord that the 
pontine nuclei send their fibers to the cerebellar cortex through the middle 
peduncle, mainly to the contralateral hemisphere, but also some to the 
vermis and perhaps a few to the hoinolateral hemisphere. Marchi studies 
have been made mainly on lower vertebrates (Besta, 1913; Dow, 1935), 
but Spitzer and Karplus (1907) made two crude experimental lesions in 
the pons of macaques and found degeneration, after crossing, in the pos- 
terior part of the anterior lobe and in the anterior part of the posterior lobe. 

Sunderland (1940) found diffuse retrograde degeneration in the contra- 
lateral pontine nuclei following destruction of the lobulus simplex, lobulus 
ansiformis, and lobulus paramedianus but not from a lesion in the lateral 
part of the culmen He made no lesions of the paraflocculus or flocculo- 
nodular lobe. One lesion of the anterior lobe caused no retrograde changes 
in the pons. 

Recent studies by Brodal (1940) on rabbits with a modified Giidden 
technic indicate that nioie localized projections may be found. 

Cerebellum — After many attempts to subdivide the cerebellar cortex 
in such a manner as to have the anatomical subdivisions reflect functional 
differentiation it is becoming evident that the most fruitful scheme for both 
laboratory and clinic (Bailey. 1942) is that first suggested by Ing%ar 
( 1928) into archicerebellar (flocculonodular), palcoccrebellar (spinocere- 
bellar). and neocerebellar lolics (fig. I04a). In birds neocerebellum, cerebral 
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Fw IWa — Scheme of the cercbclUt cortc\ Di\i'ioiv« are indicated after the tcrmmotonv 
of Jjirsell (Rciirodiitrd with the |>ern»i"ion of Dr Robeil S Dow) 

cortex, and pons are all practically absent (Aniins Kappers, Huber, and 
Crosby. 1936). In mammals all three develop simultaneously and reach 
their climax in man. It is not supposed that the neocerebellar portion is 
simply added by juxtaposition to the older parts but, as Winkler (1923) 
pointed out. it rather grows by intussusception as well as apposition. It 
includes not only the cerebellar hemispheres (lobulus ansiformis, lobulus 
paramedianus. paraflocculus) but parts of the vermis also (folium et tuber 
vermis) and parts of other lobules. It is within these parts that the ponto- 
ceiebellar fibers terminate. 

Cortico-Nuclear Projection of the Cerebellum — There is very little 
information concerning this projection in primates. Clarke and Horsley 
(1905) made cortical lesions in four macaques and followed the degenera- 
tion by tlie Marchi method. In Rhesus 6 the culmen was undermined. Xo 
degeneration w'as found in the dentate nucleus but there were numer- 
ous degenerated fibers in the dorsal surface of the globose and much heavier 
degeneration in the fastigial and tectal nuclei. In Rhesus 12 the uvula 
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and pyramid were undermined. No degeneration was found in the globose 
or dentate nucleus but there were many fine degenerated fibers m the 
dorsum of the fastigial and tectal nuclei. In Rhesus 22 the uvula and 
pyramid were again undermined. There was no degeneration in the dentate 
nucleus but numerous degenerated fibers in the fastigial nucleus. There 
were degenerated fibers also in the globose nucleus but it had been injured 
directly. In Rhesus 23 eight folia of the lobulus quadrangularis \\ere under- 
mined and the neighboring lateral part of culmen injured. There were some 
fine degenerated fibers in the inner aspect of the posterior pole of the den- 
tate nucleus and numerous fine fibers in the globose, fastigial, and tectal 
nuclei. 

These few experiments indicate that there is a topical projection on the 
cerebellar nuclei. The probability is increased by the results in cats, rats, 
and rabbits where a definite projectional distribution has been proven 
(Jansen and Brodal, 1940; Dow, 1935), Their experiments indicate that 
the most lateral parts of the cerebellar hemispheres — the lobulus ansi- 
formis and paraflocculus — project in the dentate nucleus of the same side, 
while the more medial parts of the lobulus ansiformis and the lobulus 
paramedianus send fibers to the homolateral intermediate nucleus. Those 
are the most definitely neocerebellar parts of the cerebellar cortex; with 
the remaining cortex we need not here concern ourselves. 

The exact homology of the intermediate nucleus in man is disputed 
It IS accepted that the human dentate nucleus is composed of an older 
dorsomedial part and a newer larger ventrolateral part (Brouwer, 1920). 
It is not certain whether the human paleodentate is homologous with the 
nucleus interpositus or with the dentate nucleus of lower forms; the mat- 
ter is not of much importance for our present purpose since all parts of the 
dentate nucleus send their fibers out through the brachium conjunctivum 

Projection of the Cerebellar Nuclei — Musseii (1927) made lesions in 
the nuclei with the Horsley-Clarke stereotaxic machine and found, after 
lesions of the dentate and embolifomi nuclei, that the entire degeneration 
passed through the superior peduncle to the opposite red nucleus tiuii 
thalamus From the roof nuclei no degeneration occurred in the brachium 
conjunctivum but passed through the hook bundle and fastigio-Dciters 
bundle to the bulb. Sachs and Fincher (1927), in similar experimenfs. 
found degeneration after lesions of the emboliform nucleus to pass as a 
compact bundle through the superior peduncle. 

Experiments on lower mammals are in agreement that the dentate 
nucleus projects through the brachium conjunctivum (Allen. 1924; Ras- 
mussen, 1033). 
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Fio 105 j 

Fio 105 — PwRtimmatic rcprcbentaUon o( tl»c (rom tlio UuUmic 

nuclei to \anou? portions of (ho cerebral cor(cx Fig U>5<t Monkey (after ^\aJker, 1938 0 
F\g 105b Chimpanzee (after Walker. Id36b) Abbrc\ lations all, niideii^ anterocentrali''. 
Cit, nucleus centrum inecltanum. Gl', Klobas t>alli<Uw, /, nucleus pulvinsris inferior, L, 
nucleus limitans, hi), nucleus lateralis clorsilis, LG, corpus Kenicutatum latcriile, LI‘, niitlcus 
lateralis posterior, MD, nucleus inwlialis ilor-alis, MG, corpus jrenictilatiini rncrJulei SC, 
nucleus caudatus, OT, tractiis opticus; I'L, nucleus puhmaris lateralis, PM, nucleus piibi* 
nans moclislis, P, nucleus reticularis. S, cor|ius eubtluil tmicuni ; T, tectum niesencepfnli, 
VL, nucleus ccctralis lateralis; VJ’L, nucleus centralis po-torolateralis, \’p\l, nueleus im- 
tralis posteromcdialis 


remain uncertain because of the inherent defects of the Marchi, Gudden. 
and Xissl technics, but the broad lines are unmistakable. 

Electrical Studies 

Confirmation of the anatomical findings has recently been obtained by 
modern electrical amplifying methods. 

Dow (1942a) found by single shock electrical stimulation of the cerebral 
cortex that potentials were evoked in the cerebellar cortex. The most wide- 
spread potentials wore produced when areas 4 and 0 and the postcentral 
gyrus were stimulated. From area 8 also potentials were evoked, partu-vi- 
larly in the lobulus ansiformis. Stimulation of area 4 caused (he most in- 
tense disturbance in the median and paramedian lobes and of areas 4s and 
G in the lobulus ansiformis. Xo difference in the responses in Cnis I and 
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Fic 105b 

(For crplonalton, sec ]>nge ) 


Crus II of the lobulus ansiforinis could be found, regardless of the area of 
cerebral cortex stimulated. Electrical stimulation of the pontine nuclei 
causes potentials to appear in the middle lobe of the vermis, the lobuliis 
ansiformis. the lobulus paramedianus. the paraflocculus, and pyramid, 
occasionally also in the dorsal part of the culmen (Dow, 1939). 

Walker (1937b) has found electrical evidence of the pathway from 
cerebellar cortex to the cerebral cortex by stimulation in cats with isolated 
encephalon. Faradic stimulation increased the electrical activity of the 
cerebral cortex around the cruciate sulcus. Rossi (1912) had shown long 
ago that stimulation of the cerebellar cortex lowers the threshold of elec- 
trical excitation of the motor cerebral cortex. This has been confirmed 
recently by iNIoruzzi (1941a) who found that, in cats under chloralose. 
stimulation of the neocerebellar lobes (Crus I and Crus II — lobulus para- 
medianus of Bolk and lobulus medius medianus of Ingvar) not only lo\\ers 
the threshold of the motor cortex to electrical stimulation, but also pro- 
vokes localized clonic activitj' and even generalized epilepsy. Morison and 
Dempsey (1942) found in cats under nembutal that stimulation of the 
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brachium conjunctivum produces major effects in the motor and “pre- 
motor” areas. Adrian (1943) has showoi by strychninization of the face, 
arm, and leg subdivisions of the rolandic cortex that they activate the 
face, arm, and leg subdivisions, respectively, of the contralateral lobulus 
simplex and anterior lobe of the monkey’s cerebellum. 

Scanty though these electrical studies are, their results are m accord 
with the anatomical findings that there is an important connection between 
the cerebral and cerebellar hemispheres. 

Extirpation Experiments 

Even scantier extirpation experiments add their confirmatory data. 

Aring and Fulton (1936) found that the tremor which results from 
removal of the cerebellar hemisphere disappears after subsequent extirpa- 
tion of areas 4 and 6 of the cerebral cortex, but is accentuated by lesions 
of 6 alone. Fulton, Liddell, and Rioch (1932) found also that the tremor of 
decerebellated cats was stopped by subsequent decerebration. 

Evidence from Human Pathology 

Since the thesis of Turner (1856) many cases have been recorded indi- 
cating an essential relationship of the cerebral cortex to the opposite 
cerebellar hemisphere in man. Most of these cases were crossed atrophies 
from lesions incurred in childhood. Kononova collected those previously 
recorded and showed by study of four adult cases (Thomas and Kononova, 
1912) that such a crossed atrophy of the cerebellum could occur also from 
an inj'ury to the cerebral hemisphere during adult life. An extraordinary 
case of this type has been studied by Bertrand and Smith (1933). The 
patient, an elderly lady, Tias kicked in the head by a horse during child- 
hood. The lesions found at necrojisy involved the frontal lobe, fronto- 
pontine tract, pontine nuclei, opposite dentate nucleus, brachium con- 
junctivum, and homolateral thalamus. 

Descriptions of the cocticoponline tracts in man are confused and con- 
tradictory. Flechsig (1876) and Dej'erine (1901) described fibers arising in 
the precentral gyrus and passing through the middle part of the peduncle 
to end in the pontine nuclei. Winkler (1927) states that the frontopontine 
tract terminates chiefly in the rostral third of the pons about the dorsal 
nucleus and associated dorsal elements of the peduncular nucleus. Masuda 
(1914) found that it ramified almost exclusively in the mediodorsal region 
of the anterior third of the pontine gray matter. The pyramidal tract, 
insofar as it has a relation nith the i>ons. he found to ramify in the entire 
length of the pons, most strongly in the midtlle third. Dejerino (1901) 
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described also another frontopontine tract from the inferior frontal gjTUS 
and rolandic operculum, stating that it passed through the inner segment 
of the peduncle as -Vrnold’s bundle. Pfeiffer (1934) believed that these 
fibers arise from area 44. 

A tract first described by Tiirck is known as the temporopontine tract. 
Dejerine (1901). Marie and GuUlain (1903). and Rhein (1922) have 
studied this bundle. Their work indicates that it arises from the posterior 
part of the temporal lobe adjoining the parietal and occipital lobes. This 
would explain the fact that Bucy and Kliiver (1940) and Rundles and 
Papez (1938) found no degeneration to the pons after e.xtirpation of the 
temporal lobe. 

Meyer (1907) found fibers from the parieto-occipital region into 
Tiirck's bundle by the ilarchi method. 

The pontocerebellar connections in man are generally agreed to be 
predominantly crossed with perhaps some homolateral fibers. Masuda 
(1914) concluded, from the cases he studied in Monakow's laboratory, 
that the caudal part of the cerebellar hemisphere finds its representation 
especially in the anterior half of the contralateral pontine gray, and the 
frontal part in the caudal half. The dorsal pontine gray is connected with 
the lobulus gracilis and cuneiformis. the lateral gray with the lobulus semi- 
lunaris. and the ventral gray with the lobulus cuneiformis, in such a way 
that the caudal part of the pons is related to the frontal part of the 
cerebellum and vice versa. Veinura (1917) studied in Monakow’s labo- 
ratory also an old gunshot wound of the cerebellum and concluded that 
most of the cells of the ventral pontine gray matter (caudal tno-thirds) 
send their fibers to the lobulus biventer through the ventrocaudal part of 
the opposite middle peduncle. 

That the pontine nuclei are connected primarily with the crossed 
cerebellar hemisphere is indicated by a number of laborious studies of 
more or less localized atrophies or hypoplasias of the cerebellum These 
cases are necessarily not so sharply demonstrative as e.xperimental ones 
but often involve predominantly those parts of the cerebellum which we 
have come to call the ueocerebellum (Brouwer, 1913; Brun. 1917 ; Winkler, 
1923). The literature up to 1917 was collecterl by Brun (1925) nho also 
wrote a useful review of all the literature concerning the anatomy, develop- 
ment. and physiology of the cerebellum. It is unnecessary to cite all the 
subsequent confirmatory cases described. As an example we may note in 
Bruu’s case L (Schl) that there was an aplasia of the neocerebellum with 
normal development of the paleocerebelluni (flocculus and vermis). The 
dentate nuclei were represented only by small nests of cells, and there was 
total aplasia of the ventral and lateral gray matter of the pons in all sec- 
tions. Other cases varj' only in details. 



288 


The Precentral Ulotor Cortex 


Degenerations following lesions of the superior cerebellar peduncle in 
man follow much the same course as m lower vertebrates. Uemura (1917) 
gives the preceding literature and noted in his case of gunshot wound that 
the fibers of the brachium conjunctivum went through the red nucleus and 
ended in the opposite thalamus. 

That the ventrolateral nucleus of the thalamus projects to the pre- 
central gyrus in man is probable, but the inadequacy of the human patho- 
logical material for the exact determination of such problems is evident 
from such articles as that of Fukuda (1919) who, after a laborious study of 
13 cases from Monakow’s laboratory, could conclude vaguely only that the 
most oral part of the lateral thalamic nucleus seems to have its optimal 
representation in the caudal part of the frontal lobe. That the relation- 
ship in man is similar to that established for the macaque is made more 
probable by the results of experiments in the chimpanzee. Meier-AIiiller 
(1919) found, after a cortical extirpation of the “elbow” region of the 
precentral cortex 16 months previously by Sherrington and Graham Brown, 
that there was atrophy only in the lateral nucleus of the bomolateral 
thalamus. Walker (1938b) found that the nucleus ventralis lateralis (an- 
terior half of the lateral nuclear mass) projects to the motor and premotor 
areas. 

The Rubro-Olivary System 

Two other gray masses in (he brainstem are intimately involved in the 
cerebro-cerebellar relationship — the red nucleus and the inferior olive. 
Their connections are still more obscure than those of the pontine nuclei, 
but the proj'ection of the inferior olive on the cerebellar cortex has been 
worked out m some detail. Pathological studies (Holmes and Stewart, 
1908; Zimmerman and Brody, 1933) indicate that specific lobes of the 
cerebellum are related to definite portions of the olivary complex, and 
such a definite relationship has been proven for the rabbit and cat by the 
careful experimental study of Brodal (1940). Dow (1939) attempted to 
c'hcc'k these resiiMs by ek'C\rica\ siin-m\atiow in the ewV iwwwd 
electrical stimulation in the neighborhood of the inferior olive apparently 
caused synaptic activation of the whole of the olive, since action-potentials 
appeared throughout the cerebellar cortex. 

Hatschek (1907) showed that the red nuclevis has a magnoccllular an<l 
a parvocellular portion and that the latter increases in importance in higher 
mammals. 0)ie would expect, therefore, to find a prominent corticoruhral 
tract or tracts in primates, but. although frontorubral fibers have been de- 
scribed in man by Monakow (1909), LaSalle .brcIiambauU (1014). and 
others. Levin (1930) was able to conclude from his studies on the inafaque 
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only that probably such fibers pass from both areas 4 and 6 in small num- 
bers to the red nucleus. According to Mettler (193ob) fibers go to the red 
nucleus from the cortex just posterior as well as anterior to the central 
sulcus and also from the temporal region and from the middle and inferior 
frontal gyri. In addition. Mettler (193oc) maintains that fibers go directly 
to the inferior olive from the ventral portion of the precentral gyrus and 
from the parietal region. 

Fibers pass to the red nucleus from the dentate nucleus, and a rubro- 
thalamic tract accompanies the dentato-thalamic fibers to the anterior part 
of the ventral nucleus of the thalamus (C. Vogt. 1909). Other efferent 
projections are complicated and confused (Winkler, 1929). 

In addition to the cerebellar connections, the inferior olive receives 
afferent fibers from the spinal cord and a large descending tract which is 
supposed to arise from the thalamus. Winkler (1933) has described a 
striato-olivarj' tract and favored a pallklo-rubro-olivary tract. Papez and 
Stotler (1940) have described similar tracts. 

Hon ever confused and uncertain is our knowledge of the connections 
and functions of the red nuclei and inferior olives it is established that they 
develop large new portions simultaneously with the development of the 
cerebral hemispheres and cerebellar hemispheres and that they are inti- 
mately connected at least with the latter. Moreover, the inferior olives 
atrophy along with the neocerebellum and pons in the systemic disease 
known as ohvo-ponto-cerebellar atrophy (Dejerme and Thomas. 1900) 
In this disease the dentate nucleus is sometimes atrophied (Davison anti 
Wechsler, 193S). and even the red nucleus (Lejonne and Lhermitte, 1909) 
although it is more likely to suffer in the crossed cerebro-cerebellar 
atrophies (Mingazzim, 1908). 

Significance of the Cerebro-Cerebellar Connections 

The pyramidal tract is the principal efferent pathway for voluntary 
motion. The circular connection arising from the same cortical areas and 
involving the cerebellar hemisphere reminds one of the feed-back mecha- 
nisms well knoun to engineers. It seems logical to suppose, therefore, that 
the neocerebellum e.vercises some controlling influence on voluntary 
motion. The cerebellar cortex being more uniform in structure than the 
six-layered isocortex of the cerebrum suggests further some fundamental 
influence common to all the cerebellar cortex, the points nhere it is exerted 
depending on the efferent connections of the various portions of that 
cortex. 

The effects of lesions of the neocerebellum in man have long been 
known; they have been clearly described by Holmes (1917). The sj'inp- 
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toms are on the same side of the body as the lesion, affect both arm and 
leg, and affect the arm more than the leg. The arm is limp and, if shaken, 
the parts flap loosely about. The musdes feel flabby; the limb is, there- 
fore, said to be atonic. Moreover, there is a slight weakness and the limb 
tires easily; there is, m other words, an asthenia. But the most striking 
symptom is the irregularity of voluntary movements. These cause the limb 
to move jerkily and irregularly and to fail to reach its goal accurately. 
The limb may fall short or overreach the mark. Rapid alternate movements 
cannot be made well. These various disorders of coordination of voluntary 
motion are known as asynergy. There is also a tremor, characterized by 
coarse terminal irregularities of movement not increased by closing the 
eyes. 

These symptoms are not so pronounced or enduring in macaques; 
hypotonia and disturbance of skilled movements result from removal of 
the cerebellar hemisphere (Botterell and Fulton, 193Sa). but tremor is 
scarcely evident unless the dentate nucleus be involved. In chimpanzees 
the symptoms are more pronounced and enduring in both arm and leg 
and associated with noticeable tremor of voluntary movements (Fulton, 
1938). 

Results of lesions of the neocerebellum indicate, as one would expect 
from the anatomical connections, that its influence is exerted mainly on 
voluntary motion, the impulses initiating which leave the cerebral cortex 
over the pyramidal tract mainly from areas 4 and C. Moreover, the results 
indicate further that this influence m some way regulates such movement, 
enabling it to take place in a smooth measured manner adequate to iti 
purpose. 

Babinski first suggested that the cerebellum accomplishes this regula- 
tion by acting as a brake (Babinski, 1906). It is obvious that he was tiiink- 
jng particularly of the activities of the part wc now distinguish as the 
neocerebellum (Babinski and Tournay, 1913). Walshc (1927) insisted on 
the essentially cerebral origin of cerebellar asynergy and argued that it is 
solely voluntary movement which is dependent on cerebellar activity. It 
IS certainly true for the neocerebellum, as he believed, that the secret of 
cerebellar activity is to be sought m a close functional relationship between 
cerebral motor cortex and cerebellum, but Ectors (1942) has shonn that, 
for those fundamental reflex activities of brainstem and cord whicli sub- 
serve the elements of coordination, the paleo- and archiccrebollum exert 
the same braking action to overcome and regulate tlieir inertia, i e., tiiat 
property which bodies have to persist in their state of rest or movement 
until some external force alters it. And this theory can be reconciled with 
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Sherrington’s (1906) conception of the cerebellum as the main ganglion 
of the proprioceptive S5’steni, since the older parts of the cerebellum 
exert this braking influence on the essential proprioceptive mechanisms in 
the brainstem, which JIagnus (1924) has so brilliantly analyzed. 

The archicerebellum (flocculonodular lobe) is connected primarily with 
the vestibular system and its associated equihbratory mechanisms (Dow. 
193Sb) ; the paleocerebellum with those spinal mechanisms (Bremer, 1935) 
which depend on stretch reflexes in the limbs — ^in birds mainly the wings, 
in man mainly the legs — for the maintenance of postural tonic contraction. 
This tome supportive contraction must be modified to make voluntary 
motion effective, the modification being produced by efferent paleocere- 
bellar projections (Xulsen. Black, and Drake. 1948; Snider and Magoun. 
1948) simultaneously with the production by the pyramidal projection of 
voluntary contraction, which is itself regulated (braked) by the influence 
of the neocercbellum <Ectors and Marchant. 1946). 
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AUTONOMIC FUNCTION 

D uring the many centuries in whicli man has been 

speculating as to how it is possible for him to speculate, there 
has been no thoroughly satisfactory concept of the relation of 
mind and matter. It is not surprising, therefore, that there is relatively 
little known about the functional relations of the cerebral cortex, the in- 
tegrator of all volition, with the autonomic or involuntary nervous system, 
regulating bodily function. Early literature on the subject is at once slight, 
vague, repetitive, and contradictory, m contrast to that on somatic func- 
tion which shows long }’ears of meticulous and methodical development. 

Yet. after studying the cortico-autonomic literature, one is left with 
the conviction that there is plenty of evidence for a specific and localized 
effect of the cerebral cortex on the involuntary nervous system. It is over- 
shadowed. however, both by the relative importance of the somatic func- 
tions of the cortex and by the rolatixc importance of the autonomic 
functions of the hypothalamus. In recent years, in particular, the develop- 
ment of electro-physiological methods, such as cortical stimulation, meas- 
urement of galvanic skm response, and oscillographic recordings, has 
made possible many discoveries The recent progress in psychology and 
psychiatry' has also been of use m this fiehl. 

For earlier literature on the subject the reader is referred to the exten- 
sive work of Bechterew {190S-1911). one of the few early investigators 
who devoted more than passing tune to the subject, to the papers of 
Danielopolu and his associates (1922. 1920. 1931). and to Spiegel (1932) 
There are reviews of various phases of the subject by FuUon (1034b. 
1936a, b). Foerster (1935). Kennard (1937). Dunbar (1938). and Lang- 
worthy. Kolb, and Lewis (1940) which make extensive citation of early 
literature unnecessary. The recent re\icw by Miller (1942) on Central 
Autonomic Regulations in Health and Disease has an excellent presenta- 
tion both of cortico-autonomic relations and of the present state of knowl- 
edge of other central autonomic regulation, notably the hypothalamus 
The present review, therefore, will be limited largely to discussion of more 
recent articles which are useful in the delineation of the present concept of 
cortico-autonomic function. 

Clinical Evidence of Cortico-Autonomic Interrelations 

Evidence of cortico-autonomic interrelations may be found in ever}’ 
branch of the involuntary nervous system. Common observation of normal 
man has produced many such examples. Thus, a thought or idea which 
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has an emotional content may evoke changes m the circulation, such as the 
local phenomenon of pallor or blushing, or more general changes in blood 
pressure or heart rate. Sweating, pupillary dilatation, gastrointestinal 
discomfort, or bladder disturbances may appear also. 

It IS not uncommon to find in certain individuals that there is volun- 
tary control of some of these functions usually thought of as autonomic — 
pupillary (Bechterew, 1895), pilomotor (Maxwell, 1902; Chalmers, 1904; 
Brickner, 1930), and vasomotor changes both generalized (Kennard, 1937) 
and focal (Mitchell, 1884) being among the most common. Hypnosis, 
trances, and ordinary sleep are all states related to alterations m both 
somatic and autonomic function in which interrelations must occur. 

"Abnormal” clinical subjects, some with known lesions of the cerebral 
cortex, may have characteristic autonomic changes. The most usual arc 
those within the vasomotor system. There is one common type of patient 
having, invariably, a tendency to cold hands and feet, and palpitation of 
the heart, and a marked lability of vasomotor system who shows signs 
varying from mild strain or anxiety states to more severe symptoms of 
psychological disturbances The same type of person often shows symptoms 
of gastrointestinal distress varying in degree and kind from distention and 
“bloating” to pain or definite signs of gastric or duodenal ulcer or colitis 
(Fulton, 1936a; Watts, 1935; Masten and Bunts, 1934). 

Changes m the skin are common in certain patients and directly related 
to emotional stress Excessive sweating may occur also Less frequent, but 
still not unusual, are eruptions of the skin. Urticaria, together with asthma 
and the other manifestations of allergy appear m some individuals only at 
times of stress and in response to psychological stimuli. Such chronic skin 
diseases as psoriasis are known to be influenced in the same way (Bern- 
stein, 1938). 

There is some peculiar and sjiecific relationship between the \oIuntary 
motor system and emotion. In normal individuals coordination of volun- 
tary movement is often less smooth under stress. Tremor appears m the 
same conditions. In epileptics, anxiety, fatigue, or often some otlior type 
of strong emotion, may induce an attack. Both spasticity and toiuloii 
reflexes are augmented during excitement, and this has been found to be 
directly related to the sympathetic adrenal hormones (Jacobson and 
Kennard, 1933). 

Hemiplegia is very often accompanied by unilateral changes in tlic 
autonomic system And, although in man it is usually impo«ible to proic 
that the lesion is purely cortical, the evidence is that such is ocoa«ionally 
the case. It is definitely so in experimental animals. 

Immediately following the appearance of a liemiplcgia the afTccfcd 
extremities of a patient are most often pinker and wanner than tho‘-c of 
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the normal side. Later, m the space of a few days or weeks, they become 
paler and colder, and the patients then complain that there is increased 
sweating of the affected limbs and that thej' are constantly cold (Hitzig, 
1876; Horsley. 1SS9; Bucy. 1935a; Kennard, 1935a, 1936a). This change 
may last for the duration of life in an individual or may disappear with 
improvement in the motor paresis. 

There is sometimes increased permeability of the capillaries with re- 
sultant edema. This appears most often m patients in whom there are 
signs of cardiac decompensation or some other factor which of itself pro- 
duces a tendency to edema. It was discussed by Allen in 1899 and by 
Deumie in 1907 with citation of a number of cases. Recently a patient was 
observed by the author who showed this to a striking degree: 


TU\« indi\uk\jl. ajsfd 45. ft koowii 
^l^ j’crtcn'n e «ho had been m the ho-pital 
twice before becau'e of eirl\ signs of de- 
coi^rens-vtion Becau-t' ot thi- decoinp^ri'i- 
tioD al-o iie had b-'en at home and in be«l 
for sonic month* preMoii' to the final ad- 
tni'-ion He ■iva'* then bronjiht to the hos- 
pital because of sudden on-et of left 
lieiiiiplegia during the night before adnii*- 
eion He was foiind to hoe a complete 
fiiccid left hemiplegia to be ncarh com.!- 
to-e and to h-we cNtreiiie c%.ino'i-< and 
pittiHR edenn of all cMreminr* pailicuWlv 
of the legs At the time of .tdniu-ion the 
piiema wa^ iqiiil on the two sides With 
dipitali' the condition of the jntienl 


improNed «OB»evhal during the nevt two 
ucek«, but. m that time, in -pite of the fact 
that be nas kept coE»tanth lying on hia 
Tight yvde or back and ne%er on the left side, 
the edema entirelv di».ippcarecl from the 
riKht but remained nearlv a* marked as on 
admivrion on the left Ven- large decubitus 
«ilcer.ition« appeared c\tremelj rapidly on 
the left buttock, heel and calf There were 
none on the right side It -was obMOUs that, 
on the side affected b) the hemiplegia there 
were *omo luscuhr changes which mcreaxed 
the pemieabiht) of the capillaries there At 
autofe-v. this patient showed a fairlj di9- 
crete ra«ciilar Ie»ion affecting the right 
internal cap’ule 


Experimental Evidence of Cortico-Autonomic Interrelations 

All of the above phenomena which appear clinically have been investi- 
gated e.\penmentally. as have other involuntarj' functions related to both 
somatic and autonomic function, such as respiration and shivering. 

Gastrointestinal Tract — intussusception (IVatts and Fulton. 
193-4) and gastric ulcers (Keller. 1936; ilettler, Spindler, Mettler. and 
Combs. 1936) have appeared ni expenmental animals (monkeys, dogs, 
and cats) following cortical ablations, and there is evidence that the area 
most closely related to this function is area 6 in the frontal cortex (see 
Brotlmann map. fig. 95, p. 249) (Fulton. 1936b). 

Confirming and amplifying this. Hesser. Langworthy, and Kolb (1941). 
utilizing a balloon-tambour-air-water system, found that, in the cat. after 
removal of cerebral motor cortices, gastric activity was definitely altered. 
Tliere was greater persistency, constancy, and strength of stomach contrac- 
tions along with increased tone through distention. Similar but less marked 
changes appeared in the oesophagus It was suggested that the changes 
were due to removal of regulating influence on the gastrointestinal tract. 
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Sheehan (1934) found changes in gastric motility on stimulating area 
6, and Bailey and Sweet (1940), stimulating the orbital surface of the 
frontal lobe, produced inhibition of gastric tonus in both cats and monkeys 

Circulation — Investigations of changes in circulation have been of 
various types. 

(1) Blood pressure changes in response to cortical stimulation have 
been recorded by many observers. The paper of Howell and Austin (1899- 
1900) was one of the first on the subject. The usual change in response to 
stimulation is that of increase in blood pressure (Dusser de Barenne and 
Kleinknecht, 1924; Crouch and Thompson, 1936). Stimulation of the 
frontal lobe most often produces such changes. In contrast Darrow (1937) 
reports consistently low blood pressure and low galvanic skin responses in 
psychotic patients, particularly those having “anxiety symptoms.” 

More recently (1942) Darrow has given further evidence of intimate 
cortico-autonomie connections. By intricate simultaneous recording of 
electroencephalogram, galvanic skin response, blood pressure, and respira- 
tory rate he has found that decrease in alpha rhythm and increase in beta 
rhythm appears on excitement and coincidental with autonomic effects 
But a rise in blood pressure may also appear, uhich tends to be associated 
with increased alpha rhythm, thereby exerting, according to the author, a 
homeostatic influence. 

(2) Vasomotor changes as a result of cortical changes have been meas- 
ured Pinkston, Bard, and Rioch (1934) found, after removal of portions 
of the forebrain of dogs and cats, that there was a chronic vasodilatation 
and absence of true polypneic panting. There was a suggestion that the 
control of temperature in these animals was located in the contralateral 
sensorimotor area. In 1936 measurement of skin temperature m monkeys 
before and after removal of portions of the cortex (Keiinard. 193Ga) dem- 
onstrated that vaso-constriction appeared contralateral to lesions restricted 
to the premotor cortex (area 6 of Brodmann, fig. 9o, p. 249). In man (Kcn- 
nard, 1937) lesions of internal capsule or cortex produce similar inequality 
between skin temperatures oi the two sides ol the body. 

Vasomotor changes such as produce edema in the hemiplegic human 
were found m monkeys by Green and Hoff (1937) who stimulated tlie 
cerebral cortex and recorded plethysmographically the volume of limbs 
and kidney. Stimulation of areas 4 and G produced diminution m kidney 
volume m anesthetized monkeys w’ith or without curarization. This effect 
disappeared with denervation of the kidney. Their conclusion is tliat the 
changes occur normally concomitaiitb' with movement of tlie limbs and 
thereby facilitate blood supply to active muscular tissue. 

There is much discussion in the literature as to whether the skin tem- 
perature change is primary or secondarj- to disuse and possibly to atrophy. 
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The evidence seems to be that it is pnniarj': it appears in man and monkeys 
immediately after cortical insult, usually to area 6; it may be present when 
paresis is either minimal or absent, and when there is no atrophy; vasodila- 
tation is usually first seen during the stage of profound paralysis. 

Sweat Secretion — Changes in perspiration were studied in humans 
by Guttmann and List (1928) and by Guttmann (1935). These authors 
observed degrees of sweating after application to the skin of a starch-iodine 
preparation which turns blue with moisture. Their startling photograplis 
of patch}' blue areas of sueat localized to half or part of the body are 
known to many. The galvanic skin reflex, another method of measuring 
sweat production, is altered after cortical extirpation in cats (Schwartz, 
1936) and in man (Darrow. 1930. 1942) coincidentally with cortical 
changes, increased sA%eatmg usually appearing contralateral to cortical 
lesions of the frontal lobe. Stimulation of the motor area of the cat was 
also found to alter galvanic skin response on the contralateral side (Wang 
and Lu. 1930). Bucy and Pribram (1943) observed localized sweating in 
association with localized convulsions of the face m a patient with a tumor 
beneath the “face” area of the precentral gyrus. 

Pupillary Changes — It is verj' well known that pupillary changes 
appear m response to cortical stimulation when the stimulus is applied to 
the area from which eye or hd movements can also bo elicited (see Chapter 
XII). Focal areas for dilatation (Wang. Lu. and Lau. 1932) and constric- 
tion (Barns. 1936) have been described. 

Ury and Oldberg (1940) studied the cortical effects on the pupil by an 
ingenious method wherefrom they were able to postulate a general scheme 
of the mechanism of pupillary activity. The threshold to pam was studied 
in cats tiamed to certain conditions. This, as shown by pupillary dilatation, 
was lowered by massive cortical lesions but was not altered by lesions con- 
fined to sensory or sensorimotor cortex. Lesions of either the area capable 
of inhibiting extrapyramiclal movements or of the temporal lobe resulted 
in dilatation of the pupil On the basis of their experiments the authors 
postulated that the pupillarj' change is due to removal of inhibition rather 
than to stimulation of the sympathetic system. 

Bladder Function — This has been thoroughly investigated by Lang- 
worthy (Langworthy and Hesscr, 1936) and has been so fully discussed in 
his book that analysis of the literature on the subject is here useless 
(Langworthy. Kolb, and Lewis, 1940). 

Of changes which appear in man as a result of cortical disturbances 
these authors saj': 

P.itient- with acute lesions mjiirins the thc\ de\elop urin.(r>- s.\mrforos related to 

eortico-efTerent iutl)wa\s often \esieal Ices of function and relea'^ of function 

retention during the period of shoc^ laiter Lack of abdify to start micturition \oIiin- 
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tanly or to control the urinary urge leads 
to incontinence and may be attnbuted to 
loss of function Urgency and frequency of 
micturition are dependent on release. The 
stretch reflex is hyperactive and the bladder 


contracts forcibly upon a smaller i olume of 
fluid than formerly There is difficulty' in 
passing a catheter through the spastic ex- 
ternal sphincter 


They summarize the central nervous control of the bladder as follows : 


Both by stimulation and by extirpation 
expel iments there is e\idenee of a midbrain 
control of mictiintion such as Barrington 
suggested Without an exception, all reports 
are in agreement that \eaieal responses may 
be obtained from the lateral portions of the 
peruentnculai gray mattei m the midbrain 
Bladder contractions ha\e been obtained 
from areas rostral to the midbrain One 
group described them as elicited from the 
internal capsule, another feels that the le- 
sponses are due to stimulation just lateral 
to the \entromesial portion of this struc- 
ture Cortical stimulation has given results 
which seem to be less easily repeated and 


leas easily obtained than fho«o from lower 
centers Furthermore, they appear to diffci 
in their much greater latency However, the 
responses have always been obtained fiom 
portions of the sigmoid gyrii» (the motor 
area) m cats and dogs, and the locahzition 
given by various workers is much the same 
The results of cortical extirpation indicate 
that the animal micturates automatically 
He passes the same volume of fluid regu- 
larly, suggesting theie is no longei any 
cerebral control which may voluntarily 
modify the ability of the bladder to hold 
varying amounts of fluid 


Pilomotor Changes — very careful analysis of an individual capable 
of voluntary piloerection has been carried out by Lindsley and Sassaman 
(1938). In this man voluntary erection of body hairs was accompanied by 
increase in heart rate and respiration, by dilatation of pupils and increased 
electric potentials over areas possessing sweat glands. Preceding and during 
this period electroencephalographic readings made from the skull above 
area 6 showed a significant change. No such change could be recorded 
above other cortical regions. 

In this laboratory it is a common observation that in monkeys and 
chimpanzees ablation of area 6 bilaterally produces a marked and persist- 
ent piloerection. There is, however, no unilateral effect after unilateral 
ablation of area 6. This is not surprising as area 0 is known to have marked 
bilaterality of function in other respects also. No piloerection appears after 
ablation of any other cortical region. 

Shivering — Ariiig (1935) reported that monkeys deprived of area 4 
showed increased shivering and a low (hresfioW fo coid; that lesions else- 
where in the cortex produced no such change; and that antero-lateral 
cordotomy abolished shivering. Uprus, Gaylor, and Carniicliael (1035) 
made the same observation in man: that cordotomy abolished shivering, 
but that section of the pyramidal tracts had no such effect. They con- 
cluded that shivering must therefore be mediated through extrapyramidal 
pathways and be “inhibited” b 5 ' the pyramidal influence. 

In corroboration of tliis, Pinkston, Bard, and Rioch (10.34) found 
excessive shivering in cats deprived of motor cortex, and it is another com- 
mon observation in this laboratorj’ that monkeys, following ablation of 
area 4 unilaterally, but to much greater degree if the lesion is bilateral. 
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show excessive movement during shivering. After unilateral lesions the 
excessive movement is only on the contralateral side. The same animals 
have other forms of exaggerated movement, particularly of the jerking 
and jumping “startle response” to fear and rage which is characteristic 
in milder form in the normal macaque. It is probable that the excessive 
response to cold and to fright or rage is similar and part of the generalized 
over-reactions w hich appear together with paresis following cortical trauma 
to motor areas. There is a similar over-reaction in movements which have 
no emotional background, for fine purposeful finger movements are always 
e.xccuted less smoothly after lemoval of area 0 Even in this instance, how- 
ever. emotional excitation of any type always accentuates the disability. 

Respiration — Like shivering respiration is an involuntary automatic 
function which involves striate muscles and which might therefore be 
expectetl to be mediated through the cerebral cortex. However, it is well 
known both that respiration may be earned on by decorticate preparations, 
and that lesions in the midbram may cause cessation of this function 

But cortico-autonomic influence is also present though slight and has 
been studied by various observers (Bucy and Case. 1936, 1937; Smith, 
1938). Bailey and Sweet (1940). stimulating the orbital surface of cats and 
monkeys, found an area inhibiting respiration, which also effects a rise 
in blood pressure and a decrease in tonus of the gastric musculature. Con- 
firming these cortical effects on respiration by detennmmg the affereiits 
to the cortical area Bailey and Bremer (193S) caused an increase m elec- 
trical potentials of the orbital surface of the frontal lobe of cats by stimu- 
lating the vagus nerve 

Psychological Data — I'se of the conditioned reflex m e.xperiments has 
brought out a mass of material related to cortico-autonomic interaction. 
The “psychic” secretion of saliva or gastric juice, as demonstrated by 
Pavlov. IS known to be dependent on the cortex, and conditioning of 
pnpillaiy response is similarly well establishetl (Hudgins, 1933). 

Recent attention has been drawn to the “experimental neuroses" pro- 
duced in sheep and other laboratory animals in which profound autonomic 
changes take place together with behavioral changes, as a result of frus- 
tration (Anderson. Parmenter. and Liddell, 1939; Anderson and Par- 
menter, 1941; Liddell, 1941) The paper of Anderson, Parmenter and Lid- 
dell is summarized by the authors as follows: 


Slicej' iQ wlvicli ati expetimeatal neurosi' 
has been de\ eloped re\c.al, upon c’faimiia- 
lion. a cardiac di'order which is character- 
ized b\ .1 r.ii'id and irregulir i'u5-c and b'v 
extreme sen-itnitj- of the heart’s .action to 
conditioned and other stimulation Rapid 
merej'cs of rate occur in re^pon^e to mildlx 
startling stimuli which ha\e no effect upon 


the ptihe of normal sheep Spontaneous 
^arlttlon^ of rate are oh'eraed both in the 
bim and in the labor.iton Conditioned 
stimulation produce^ a coTtoideiable and 
long continued increa-e in puNe rate a—oci- 
jted with premature beat« and 'ometimc'' 
nith coupled rhjthm 



302 


The Precentral Motor Cortex 


The syndrome in these animals is startlingly like that found in humans 
under stress or those who display the characteristics of an anxiety neurosis. 

Reflex conditioning to sound has been shown by Bykov (1938) to re- 
sult in increased visceral activity. A related phenomenon is the production 
of epileptic seizures in response to repetitive sound m rats (Humphrey 
and Marcuse, 1941; Lindsley, Finger, and Henry, 1942). Other phases of 
such psychosomatic problems will be found in the review of the subject by 
Liddell (1941) and in the Journal of Psychosomatic Medicine. Their rami- 
fications are too specialized and too extensive to be dealt with here. 

The procedure originated by Moniz and elaborated by Freeman and 
Watts (1942) of severing the fiber tracts from the prefrontal areas of pa- 
tients with various forms of psychotic or neurotic manifestations has con- 
tributed a_number of points related to psychosomatic function and the 
autonomic system. These authors state, that in the majority of such pa- 
tients, preceding operation, the hands and feet were excessively cold, but 
that this symptom usually disappeared after operation. Furthermore, 
many of these individuals, operated on under local anesthesia, vomited 
during or at the close of the operation, and more than half of them had 
urinary incontinence for a few days post-operatively. Rectal incontinence 
also appeared occasionally. After operation, marked increase in appetite 
and gam in weight are the usual occurrence. 

Gross ablations from the cortex of animals have produced certain 
“behavioral changes’' which give indication both of the autonomic func- 
tion of the cortex and of the function of the hypothalamus in the absence 
of cortex. The well-known decorticate animals of Bard (1928, 1934, 1939) 
exhibit excessive responses of rage together with piloerection, extrusion of 
the claws, and spitting (in cats). A similar but less marked emotional 
response may appear when the forebrain alone is removed (Spiegel, Miller, 
and Oppenheimer, 1940; Magoun and Ranson, 1938). 

Increase in activity, distractibility, and states of excitement have been 
found in many forms of laboratory animals after frontal ablations, but 
these have not been shown to be associated with any other very marked 
autonomic changes (Kennard, Spencer, and Fountain, 1941). The hyper- 
activity which appears consistently after total removal of the frontal as- 
sociation areas has been produced by Ruch and Shenkin (1943) by small 
bilateral lesions confined to the orbital surface of the frontal lobes. 

The alterations of behavior as described by Kliiver and Bucy (1939) 
n hich follow bilateral temporal lobectomy are also of an “affective” nature, 
but there are no obvious organic autonomic changes associated with them, 
as there are with lesions of area 6 of the frontal lobe. 

Sleep— The cortical changes which appear during sleep should be 
mentioned, since it is well known that there are decided changes in pupils, 
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heart-rate, respiration, and the vasomotor system as this takes place 
Whether sleep can e\er be called either a diencephalic or a cortical phe- 
nomenon is doubtful. That it does affect consciousness and “volition” is 
certain, and. if electroencephalograms are records of cortical activity, which 
is not certain, then sleep has definitely to do with the cortex, for there are 
marked changes in the electroencephalogram during sleep (Rowe. 1935; 
Davis, Davis. Loomis. Harvey, and Hobart. 1938; Loomis. Harvey, and 
Hobart, 193S; Blake, Gerard, and Kleitnian. 1939). Anesthesia similarly 
produces profound changes m the electrocorticogram (Derbyshire. Rempel. 
Forbes, and Lambert. 1930; Forbes and Morison. 1939; Beecher and Me- 
Donougli, 1939). 

Discussion 

Although there is much in the nature of this cortico-autonomic inter- 
play which is not yet understood, functionally it is now e\ndent that two, 
and possibly three, parts of the cerebral cortex of man and other primates 
have direct influence on the involuntary nervous system. 

First, the motor areas of the frontal lobe — area 0. and to a less extent 
areas 8 and 4 — influence the circulation, pupil, bladder, gastrointestinal, 
and pilomotor systems 

The second focal area which may affect autonomic function is the 
frontal pole Here bilateral ablation may affect respiration, gastric motility, 
or blood pressure The orbital surface of the frontal lobe is that most 
directly concerned with these functions. General behavior, or response to 
emotional environmental conditions may be altered by lesions here. 

Third, the temporal lobe is beginning at the present state of our knowl- 
edge to have attributes which connect it with the autonomic system. CUm- 
cally it is known to be the area related to the complex mental processes 
concerned with sound and smell, and its bilateral removal in monkeys 
produces behavioral changes possibly related to smell or sound. It may 
well be. therefore, that the experimental neuroses and epilepsy induced 
by sound are due to functional or organic disturbances m the temporal 
lobe, just as the “anxietj' states” of man may be related to the frontal 
poles. Finally, as the hypothalamus has been shown to be the area of the 
central nervous system most strongly influencing the autonomic sj’stem. 
and as both the hypothalamus and temporal lobe are concerned with olfac- 
tion. it is verj’ probable that there are both anatomic and functional con- 
nections between the two which w'lU be defined in future research. 

Anatomic evidence of the fiber tracts forming cortico-autonomic con- 
nections and. in particular, cortico-hjiiothalamic connections, is slight. 
Such extensive works as those of Kappers, Huber, and Crosby (1936) or 
of Rioch (1929). dealing in detail with thalamic and hypotlialamic nuclei. 
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make no mention of cortical connections with the latter. In fact, the hypo- 
thalamic connections are said to be largely with the olfactory system. 
Levin (1936), investigating the efferent fibers from the frontal lobe of 
monkeys, found numerous thalamic connections but none to the hypothala- 
mus. But Mettler (1935b) saw some fibers passing from the frontal lobe to 
the periventricular region of the hypothalamus in the same species Hun- 
sicker and Spiegel (1933-1934) sectioned the pyramidal tract in some cats 
and the extrapyramidal, below the hypothalamus, in others In each case 
cortico-autonomic effects on pupil, blood pressure, and bladder nere 
present after operation. The conclusion of the authors was that impulses 
must be mediated via both tracts 

In examining the literature prior to writing this review, it has seemed 
to the author that great developments have taken place m knowledge of 
cortico-autonomic function during the past five years. A review of the same 
subject \\ritten in 1937 could report only isolated and often unrelated find- 
ings which, although indicative of cortical influence on involuntary func- 
tion, gave only a suggestion of the interrelated systems as a whole. Today, 
it is possible to state that there is a cortical influence mediated largely from 
the frontal lobe, and possibly from the temporal, which affects all branches 
of the autonomic system in the same way; that there is some cortical 
localization of function, especially of the pupil, but that it is less definite 
than that m the somatic system; and that sympathetic and parasympa- 
thetic systems alike are affected by the cortex. 

In addition it is possible to speculate on the nature of the cortical in- 
fluence. This has been discussed by many authors, most of whom agree 
with the opinion so clearly expressed by Langworthy and his associates — 
that the cortical function is one of control or regulation of the finer au- 
tonomic adjustments and that its absence removes “inhibition” and results 
m over-reaction or spasticity. 

It is also clear that cortical influence on the autonomic system is far 
less pronounced than that of the hypothalamus, and here two additional 
bits of information contribute to our concept of cortical function. Fir^t. 
many autonomic reflexes, such as the psychic secretion of saliva or gastric 
juice, are known to be conditioned and dependent on cortex; and second, 
there are other reflexes, such as those which increase limb volume in re- 
sponse to stimulation of area 4, which are somatic cortical adjustments. 

From these data the most probable concept of the mode of regulation 
of autonomic function by the central iienmus system is that the cerebral 
cortex integrates all conditioned and learned reactions wliich are part of 
the bodily adjustments to somatic cortical processes, but that all other 
reactions of the involuntary nervous system are mediated solely below the 
cerebral cortical level. 
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Finally, the accumulation of evidence on cortico-autonomic function 
points to a focal representation on the cortical surface vhich is very similar 
to that of the somatic representation and which exists to some degree m 
the cat, dog, monkey, and man. Admittedly, the cortical foci are Jess 
definite in the autonomic than in the somatic sphere, but so also is all auto- 
nomic activity more diffuse in nature than is somatic -As is shown in 
fig. 106a. m the monkey, cortico-autonomic representation lies mainly in a 
band extending along the rostral border of the motor areas and lying be- 
tween these ami the frontal areas which are known to relate to such af- 
fective functions as “behavior." ‘‘personality." and the more complex 
emotional reactions Within this band cortico-autonomic activity is focally 
integrated with somatic. 

In area 6 (fig. 0. p 17. and fig 05 p 240). lying mesially. are the com- 
ple.x somatic postural adjustments of limbs and trunk Here also are repre- 
sented pilomotor sudomotor and vasomotor activity, all autonomic func- 
tions which concern limbs niul trunk Bilateral removal of area 6 m 
the monkey always results in permanent pilocrection. and unilateral 
lesions in monkeys and man cause changes in sudomotor and vasomotor 
activity. Furthermore, there is some focal autonomic representation within 
this region, because lesions producing paresis of arm or leg arc accompanied 
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by changes in skiu temperature and sweat secretion in that extremity only 
(see p. 372). 

Area 8 (figs. 9 and 95), which somatically represents conjugate devia- 
tion of the head and eyes, has an autonomic representation for the eyes 
also (see Chapter XII). Here stimulation may produce either dilatation 
or constriction of the pupil, and ablation of area 8 from one side is fol- 
lowed by lachrymation of the contralateral eye. 

In area 44 (fig. 106a) lies the somatic motor representation for face 
jaw, and mouth and, closely adjacent, the cortical representation of taste 
which extends rostral from the central sulcus within area 3. In this same 
area salivation has been produced by stimulation. Recently Bucy and 
Pribram (1943) have reporteil a case in which a glioma lying beneath 
area 44 and the lower part of area 6 produced localized convulsions of one 
side of the face and localized perspiration in the same region. Extending 
over onto the orbital surface, lies the representation of the vagus nerve 
already discussed (Bailey and Bremer, 1938). The lower part of the pre- 
central motor cortex, areas 4, 6, and 44 (frontispiece and fig. 9, p. 17). 
represents the somatic portion of the gastrointestinal tract — lips, tongue, 
and pharynx — while the adjacent region of the lateral rim and orbital sur- 
face represents the visceral portion of the same system — the stomach and 
intestine. Respiration and cardiac function, also vagal in part, may ho 
altered by stimulation in the same region. In particular, the findings of 
Smith (1938) lend emphasis to this theorj'. He records that, in the monkey, 
the region in which respiration is slowed by stimulation is that here 
described as representing vagus but that a region also exists which when 
stimulated ivill produce acceleration of respiratory rate. This latter lies, as 
would be expected according to this plan of focal representation, near the 
midline in area 6, i e., in the region in which there is also somatic repre- 
sentation of the trunk musculature. 

Such a concept, even though it be indefiiute in detail, of a focal ana- 
tomical representation within the cortico-autonomic system, lying inter- 
laced wvtlx a more sharply deUmited focal meshwork of somatic representa- 
tion, simplifies the structural basis for the physiological interactions of 
these systems. Furthermore, once the e.xperiincntal data have been estab- 
lished, the site of this cortico-autonomic band is most reasonable, since the 
representation of the cortico-autonomic system thus is bounded by area 4, 
which is concerned with “voluntary'” motor activity; by the hypothalamus 
— chief effector for the autonomic system; and by the frontal association 
cortex, wherein, according to the doctrine of Hughliugs Jackson, lie the 
final and highest centers of the nenous sj-steiii. 
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THE FRONTAL EYE FIELDS 

M O\'EjMEiS’‘TS or THE EYES constitute an essential part of 
the nieehanisni of vision. It is. therefore, not surprising to find 
that the fundamental and phylogenetically old mechanism gov- 
erning these movements is situated in the mesencephalon and adjacent 
regions of the brain stem. The arrival there of nerve impulses initiated by 
excitation of the retina, such as occurs from movements of objects or 
flashes of light, causes a reflex deviation of the eyes toward the source of 
the stimulus. This deviation of the eyes is normally accompanied by turn- 
ing of the head in the same direction, thus considerably increasing the 
range of the rather limited movement nhich the eyeballs themselves are 
able to execute. Xot only is the eye-movement mechanism affected by visual 
impulses, but strong excitation of the auditor}' apparatus also excites a re- 
sponse similar to that prorluced by visual stimulation. In addition, eye 
movements are influenced by the vestibular apparatus nith which the eye- 
muscle nuclei are connected by definite nerve pathways, thus forming an 
important part of the righting-reflex mechanism. 

The results of excitation of the various pathways in the brain stem 
uhich affect the eye-movement mechanism emphasize the fact that in 
animals with binocular vision eye movements are essentially bilateral in 
nature, a necessar}* corollary of the law that for normal vision the visual 
axes of the eyes must be so arranged as to permit the image to fall upon 
corresponding parts of the two retinae. 

Following what appears to be a general rule of imposing its powers of 
regulation and coordination upon mechanisms situated lower in the brain, 
the cerebral cortex has assumed the role of influencing ocular movements, 
and a region in the frontal part of the brain has been endowed with this 
special function. It is a well-established fact that this region when elec- 
trically excited responds with movement of the eyes, usually accompanied 
by mox’ement of the head occurring simultaneously with other responses 
such as opening of the eyes and dilatation of the pupils. Ablation of this 
region lu monkeys and anthropoid apes causes marked alterations in func- 
tion. and lesions of it in man produce symptoms which vaiy- according to 
whether the process is irritative or destructive. 

Soon after Fntsch and Hitzig (1S70) demonstrated that the cerebral 
cortex was responsive to electrical stimulation. Ferrier stimulated the 
cerebral cortex in a variety of mammals, and in 1S74 reported the dis- 
cover}’ of a region m the frontal part of the brain in monkeys from 
which ocular responses could be elicited. This study was followed by re- 
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ports of the results obtained by electrical stimulation or ablation of this 
region in different species of monkeys by many investigators, including 
Ferrier and Yeo (1884), Schafer (1887), Horsley and Schafer (1888). 
Beevor and Horsley (1888), Mott and Schafer (1890), Sherrington (1893). 
Russell (1894), Jolly and Simpson (1907), C. and 0. Vogt (1907. 1919). 
Levinsohu (1909), Smith (1936, 1940), Kennard and Ectors (1938). Ken- 
nard (1939), and Richter and Hines (1938). 

Among the anthropoid apes the chimpanzee has been the one most 
frequently studied. Results of stimulation of the frontal ocular cortex in 
this animal have been reported by Griinbaum and Sherrington (1901), 
Leyton (Griinbaum) and Sherrington (1917), Fulton and Bender (1938), 
and Dusser de Barenne, Carol, and McCulloch (1941a). The brain of the 
orang has been subjected to physiological investigation only five times, 
once by Beevor and Horsley (1890), once by Roaf and Sherrington (1906). 
once by C. and 0. Vogt (1907), and twice by Leyton and Sherrington 
(1917). The gorilla has been studied even less than the orang. the only 
report in the literature on the results of electrical excitation of its cortex 
being that by Leyton and Sherrington (1917) nho were privileged to study 
three animals. 

In man, results of electrical stimulation of the frontal ocular region 
have been reported by Bechterew (1899, 1911). Foerster (1931. 1930), and 
Penfield and Boldrey (1937). The literature is replete with numerous 
clinical reports concerning the effect of lesions of this region or of its 
efferent fibers, and Foerster (1936) has reported alterations of function 
subsequent to excision of this region in man. 

MONKEY 

Position, Extent, and Topographical Relations 

The position of the frontal region from which ocular responses have 
been elicited in monkeys is generally agreed upon by investigators, but 
reports as to the extent of this area on tVie surface of the brain liaxe varictl 
considerably. Ferrier (1874. 1875, 1876) definitely established the general 
position of the ocular responsive region in monkeys by showing that it wa'^ 
situated in the caudal part of the frontal gj-ri rostral to the precentral 
gjTUS. He found the region to include a much smaller area than did later 
investigators, depicting it as constituting an almost circular field with the 
posterior part of the frontal sulcus (s principalis, s. rectus) forming it* 
lower or inferior boundarj'. 

The more detailed investigations of 8chafer (1SS7) and of Hor«ley 
and Schafer (1888) resu!te<l in considerable e.xtension of the excitable area. 
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Not only did they add to the ocular zone the cortex situated below the 
posterior one-third of the frontal sulcus, so that it now included almost 
all the cortex between the two arms of the arcuate sulcus (precentral sul- 
cus on their diagram, fig. 106b), reaching almost to its lower end, but they 
extended the area superiorly over the edge of the hemisphere onto the 
medial surface as far as the sulcus cinguli (callosomarginalis) (fig. 10Gb) 
Their recognition of the extension of the eye zone, in addition to the pre- 
central motor cortex, onto the medial surface of the hemisphere, and the 
extension of the eye field below the frontal sulcus, constituted an important 
contribution which has been verified by subsequent investigators On the 
other hand, their finding that a narrow strip of cortex situated just behind 
the lower ramus of the arcuate sulcus responded with movements of the 
head and eyes has not been confirmed by any other investigators except 
Mott and Schafer (1890) ; if the response is not due to spread of stimulus 
It represents an unusual variation, for most investigators agree that the 
lower ramus of the arcuate sulcus usually defines the caudal limit of the 
frontal eye field. 

The extent of the area as reported by Beevor and Horsley (1888) from 
their investigations on the lateral surface of the brain in Macaca sintca 
agrees in general with the findings of Horsley and Schafer except m two 
instances: In the first place Beevor and Horsley, in agreement with most 
investigators, found that the area did not extend caudally beyond the lower 
ramus of the arcuate sulcus and, in the second place, in disagreement with 
subsequent investigators, Beevor and Horsley found that the responsive re- 
gion extended inferiorly to the lower margin of the hemisphere (see p. 219). 

Mott and Schafer (1890), using large monkeys, including a variety of 
the genus Cercopithecus (Callithrix) and Macaca mulatto, and Levinsohn 
(1909), using the latter species, found the extent of the ocular responsive 
field to agree in general with that depicted by Horsley and Schiifer (1888). 
except that it did not extend caudally beyond the lower part of the arcuate 
sulcus. 

Jolly and Simpson (1907) using species of Macacus and Ccrcopitliecus 
limited the frontal region for ocular movement to the cortex enclosed be- 
tween the s. frontalis and the superior ramus of the s. arcuatus, thus im- 
posing a limitation not confirmed by other investigators. 

The scattered foci which were found by C. and 0. Vogt (1907) to yield 
movements of the eyes in a number of different species of monkeys lie 
within the region as depicted by Horsley aiul Schiifer. Their detailed 
studies on a number of individuals belonging to the genus Ccrcopithecuc 
furnished more accurate data for delimiting the frontal ocular region, 
which in its superior part was found to extend farther rostrally thaw otlier 
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investigators had described it. Furthermore, thej- found that the eye field 
extended only a very short distance belou the sulcus frontalis. As a result 
of additional studies on members of the genus Cercopithecus (species not 
given) the Vogts (1919) extended the ocular field still farther rostrally, 
and showed that the more rostral part possessed a threshold considerably 
higher than the caudal part (fig. 100. p. 266). 

From the investigations reported on the two most common types of 
monkeys that ha\e been used for experimental purposes, le., members 
of the genus Macaca and members 
of the genus Cercopithecus, it ap- 
pears that the frontal cortex' from 
which movements of the eyes can 
be elicited is situated rostral to the 
electrically responsive cortex' of the 
precentral gyrus. Xo sulcus marks 
the caudal limit of this area m its 
superior part, but m many in- 
stances It reaches near or to the 
rostral end of the superior pre- 
central sulcus. Below, its caudal 
boundarj' is usually found to be 
the lower ramus of the arcuate sul- 
cus. The extent of the zone below 
the frontal sulcus vanes from ani- 
mal to animal, but m JV/acaca vni- 
latta Smith (1936) never found it 
reaching to the end of the sulcus 
arcuatus (fig. 107). Its extension 
all the way to the lateral or in- 
ferior margin of the hemisphere as reported by Beevor and Horsley (1888) 
has not been confirmed by other investigators. Superiorly, the eye field 
extends oier the edge of the hemisphere onto the medial surface as far as 
the sulcus cinguli (callosomarginahs). The rostral limit of the excitable 
zone is subject to variation, but superiorly in Macaca mulatta (Smith. 
193G) it is often denoted by a shallow and almost vertical sulcus which is 
frequently covered by a vein draining into the superior longitudinal sinus. 
In Cercopithecus. C. and O. Vogt (1919) found that the excitable zone 
transcended this sulcus. 

Caudal to the ocular zone on the mesial surface lies the electrically 
responsive field for the lower extremity; then from above and downward 
on the lateral surface the ocular zone is situated rostral to the regions for 
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the lower extremity, upper extremity, and face, m general as depicted by 
Horsley and Schafer. 

Responses to Electrical Excitation 

Ferner (1874) reported the production of ocular movements m monkevs 
(genus llacaca) from excitation of the posterior part of the superior ami 
middle frontal g 3 'ri Later (1875. 1876) in a more detailed account of his 
experiments he states: “The results of stimulation of these convolutions 
were alnaj’s so uniform that the general result of experimentation in ten 
monkej’s inaj’ be stated together. The results were: — Elevation of the e 3 ’e- 
brows and the upper e 3 'elids. turning of the e 3 'es and head to the opposite 
side, and great dilatation of both pupils.” Ferrier's discover 3 ' constituted 
the basis for all further investigations in this field and, although extension 
and modification of his findings, as applied to different members of the 
primate family, have been made by various investigators, his description 
of the results of excitation of this region in inonke 3 's remains classical. 

The fundamental phx'siological attributes of the frontal 63 e fields uhicli 
Ferrier first described uere later confirinwl by Schafer (1SS7) and Horsley 
and Schafer (18S8) i\ithout an 3 * important changes except in extent of the 
area. Beevor and Horsley (18SS) stimulated tlie lateral surface of the 
hemisphere in Macaca simea and. nhile agreeing with Horsley and Schafer 
that the responsive area was much more extensive than Ferrier had re- 
ported. obtained results otherwise confirming and extending Ferrier’s find- 
ings Their work served to emphasize the fact that at times only a part of 
the complete complex movement max' be obtained, and that rarely tlie 
eyes ma}* turn slightl 3 ' upward or slightl 3 ' downward as tho 3 ’- deviate latcr- 
all}’. The}’ further emphasized the close association between turning of tlie 
head on the one hand and opening and deviation of the eyes on the other. 
Rare!}’ did the}’ observe the ex’es turning to the opposite side witliout 
turning of the head. If the e 3 'es happened to be in the position of conjugate 
deviation toward the same side. stnnuLation caused restoration of the direct 
position of the visual axes toward the front In addition to thp'o ob«crMi- 
tioiis. Beevor and Horsley occasioiiall}' observed n 3 stagmus. coiicisting of 
rapid jerking mo^ einents toward the opposite side, a finding that has been 
confirmed b}' later investigators. In nio'st instances they noted no change in 
size of the pupils, but when a change did occur, dilatation alwa 3 ’s resulted. 
Their observations that opening of the contralateral eye may occur before 
that of the ipsilateral e 3 'e. and that ino%'eineiit of the ev’cballs direct!}’ 
upward does not occur under ordinary’ conditions of cortical stiimil.ation 
ha\e been amply confirmed bj' other inxestigators. 

Mott and .'^chafer (ISOO) emplox’od large inonke.vs of the genii' (Vr- 
{upithecus (Callithrix varictx'). the Bonnet monkey {Macaca siiucn). aiul 
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a large rhesus (Macaca mulatto). They subdi^-ided the ocular region ac- 
cording to the responses elicited. In large monkeys, but not in smaller ones, 
they concluded that it was possible to subdivide the excitable area on the 
lateral surface of the brain into three zones: a superior zone, situated 
above the superior ramus of the arcuate sulcus and extending to the mesial 
edge of the hemisphere, nhich produeetl movements of the head and eyes 
to the opposite side and downward; a middle zone, situated between the 
caudal half of the frontal sulcus and the superior ramus of the arcuate 
sulcus, which produced deviation of the head and eyes laterally; and an 
inferior zone, situated below the caudal half of the frontal sulcus, which 
produced deviation of the head and eyes to the opposite side and upwards 
Thej' observed that section of the corpus callosum had no effect on the 
responses and thereby established the principle that the integrity of the 
corpus callosum is not necessarx’ for the production of bilateral movements 
from cortical excitation. 

Mott and Schafer also studietl the effects of bilateral faradization of 
points yielding the same response le.. lateral conjugate deviation of the 
head and eyes to the opposite side, and found that usually one side pre- 
dominated over the other, so that the eyes deviated away from the domi- 
nant side. When, however, they carefully adjusted the strength of the 
stimulus so that each, when separately employed, produced about the same 
degree of response, bilateral simultaneous excitation caused the eyes to 
become fixed in a position as if the animal were looking ahead at some 
object with the visual axes apparently parallel or slightly convergent. If 
the eyes were in this primary position when the stimulus was applied, they 
remained motionless Therefore, bilateral simultaneous excitation of the 
areas giving simple lateral conjugate deviation when excited unilaterally, 
was found to produce visual fixation, with no tendency for the eyes to 
deviate laterally. Excitation of the other zones was found to produce 
comparable results. Simultaneous bilateral excitation of the upper zone 
resulted m a simple downward inclination of the eyes without lateral de- 
viation; bilateral excitation of the inferior zone caused a simple upward 
inclination without lateral dexiation. 

The subdivisions of the eye fields as adx'ocated by Mott and Schafer 
were not confirmed by the subsequent iiix'estigations of C. and O. I’ogt 
(1907, 1919) or Levinsohn (1909). Furthermore. Levinsohn (1909) studied 
the responses of the ei'e fields in Macaca niulatta to bilateral stimulation 
and always obtained deviation of the eyes to one or the other side, and no 
movement of convergence was noted. In conformity with the results of 
other inx estigators. Levinsohn obtainerl inox*ements of the head and eyes to 
the opposite side upon stimulation of the ocular responsive field. In most 
instances this deviation was not purely lateral, but contained an up or 
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down component. In the upper part of the responsive region, raov'cment of 
the head usually began before movements of the eyes, and the threshold 
was definitely higher than m the lower part of the zone. Frequently the 
head and eye movements were accompanied by opening of the eyes Above 
the superior ramus of the arcuate sulcus movement of the head and of the 
opposite ear was sometimes obtained, occasionally accompanied by slight 
convergence of the eyes. 

C. and 0. Vogt (1907) found that the eye fields are separated from the 
electrically responsive region of the precentral gyrus by an inexcitable 
strip of cortex which they designated as the “inexcitable precentral field" 
(fig. 100, p. 266). Like previous investigators they obtained movements of 
the head and eyes to the opposite side, often with slight deviation upwards 
or dowmwards, and with or without opening of the eyes and dilatation of 
the pupils. Constriction of the pupils w'as rarely obtained. Movement of 
the ear, consisting of a drawdng of the ear forward or backward, was ob- 
served in six instances, always on the contralateral side, 

The Vogts also studied the problem of localization w’lthin the eye fields 
in order to determine whether or not it could be subdivided into portions 
yielding different responses Most of the excitable points yielding move- 
ments of the eyes to the contralateral side and upwards, with or without 
pupillary dilatation, were found to be located ventral to a continuation 
caudally of the sulcus frontalis. This region they designated as the inferior 
ocular focus. Foci yielding simple contralateral deviation of the eyes, with 
or without pupillary dilatation and opening of the eyes, wore found to bo 
situated mostly between the s. frontalis and the superior ramus of the 
s arcuatus. This region was designated as the superior ocular focus The 
cortex just above and adjacent to the superior ramus of the arcuate sulcus 
constituted another subdivision from whifih the complex response of con- 
tralateral deviation of the eyes accompanied by turning of the head m the 
same direction and opening of the eyes was clicitwl. In two instances eye 
opening was observed as the primary movement. This region was desig- 
nated as the zona complexa. Above the zona complexa two subdivisions 
were made, one oral and one caudal The oral one contained the excitable 
points from which movements of the ear were elicited, either isolatetl or as 
part of a complex movement, and hence was designated as the car /one. 
The caudal part contained most of the points from which opening of the 
eyes had been obtained, and hence was designated as the zone for eye 
opening. 

A further attempt to subdinde the eye fields on the basis of their re- 
sponses to electrical stimulation was made by Sniitli (1936) on Mncncn 
muiatta. In no instance were clear-cut physiological subdivisions yielding 



The F rontal Eye Fields 


317 


only one type of response found, but it was disclosed that certain types of 
responses were more easily and more frequently elicited from certain por- 
tions than others. While it nas realized that these criteria for subdividing 
a cortical field nere far from being adequate, yet it uas hoped that they 
might suggest the possibility of. and serve as a basis for. such an analysis 
of the eye fields in the anthropoid apes and eventually in man On the 
basis of the criteria just given, it appeared that the portion of the eye 
fields on the lateral surface of the hemispheres could be divided into four 
zones (fig. 107). 

Stimulation of an area which is situated rostral to the arc of the s. arcu- 
atus and which surrounds the caudal end of the s. frontalis resulted in the 
production of nystagmus of both eyes, the fast component being directed 
towaid the contralateral side. If the eyes were closed, opening of the eyes 
occurred simultaneously with the production of the nystagmus. Conjugate 
deviation of the eyes not only occurred in the initial part of the nystagmus, 
but was elicited without the accompanying nystagmus from an area situ- 
ated medial to the “nystagmus” field. It was always contralateral and 
frequently was found associateil with turning of the liead in the same di- 
leetion and opening of the eyes, if the eyes liad been closed before the 
stimulus was applied. 

An interesting complex group of movements, which together simulate 
an awakeiuug. was designated as the “awakening response” This was 
elicited from the region around the medial end of the arcuate sulcus The 
animal, though anesthetizerl. upon application of the stimulus appeared to 
awaken and to become aware of lus surroundings The eyes, while opening, 
slowly deviated to the contralateral side, the pupils dilated (even m strong 
light), and bluikmg occurred Struggling movements frequently ensued 

Pupillary tlilatation was most easily elicited from an area adjacent to 
the medial border of the hemisphere. In normal animals it appeared to be 
always a bilateral phenomenon, and usually no significant difference could 
Ijc ilctected as reganls the degree of dilatation on the two sides. 

From the evidence presented by the various investigators it would 
appear that in the monkey a variety of responses can be obtained from ex- 
citation of the frontal ocular responsive cortex. The most complex move- 
ment is one of opening of the eyes accompanied by turning of the head and 
eyes towartl the opposite side and dilatation of the pupils This response 
is most easily elicited from the upper part of the eye field, while nystagmus 
with the eyes in the deviated position is most easily elicited from the lower 
part, around and below the sulcus frontalis. The response from the eye 
field, like th.'it from other cortical regions, may vary, depending on such 
factors as depth of anesthesia, strength of stimulus, condition of cortex. 
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and general condition of the animal. Movement of the eyes may occur 
without movemeiit of the head, or more rarely the reverse is seen. A brief 
application of the stimulus may produce only a part of the response, e.g , 
opening of the eyes. The eyes may turn slightly upward or downward 
as they deviate laterally. Movements of the eyes may occur without pupil- 
lary changes, and less frequently the reverse may be observed Movement 
of the head or eyes may occur without opening of the eyes, particularly 
when the animal is in deep anesthesia or in a state of exhaustion. Under 
light anesthesia nystagmus m which the fast component is directed toward 
the contralateral side can be regularly elicited, but this response is altered 
to one of simple deviation when the anesthesia is deepened (Smith, 193G). 

The fact that tonic or clonic movements, purely lateral or combined 
with an upward or downward component, are the only ones regularly 
elicited from excitation of the frontal ocular field, suggested to investiga- 
tors the possibility that other movements might be obtained upon cortical 
excitation if the dominant lateral movement was excluded by rendering 
inactive the muscles producing it. Russell (1894), acting on the suggestion 
of Hughlings Jackson, divided the external rectus muscle of the contra- 
lateral eye and the internal rectus of the ipsilateral eye, on the basis of 
the hemisphere stimulated, in the monkey {Macaca Btnica) and then sub- 
jected the frontal eye region to electrical stimulation. In other monkeys, 
only the external rectus muscle of the opposite eye w’as divided, and in 
another series both the medial and lateral recti of the opposite eye only. 
Unfortunately the results obtained upon electrical stimulation of the 
ocular region m these experiments are scarcely more than enumerated, 
and hence it is not possible to analyze them in terms of the peripheral 
lesion. However, under the various circumstances as outlined, in contrast 
to the responses obtained when the eye muscles were intact, stimulation 
of the cortex along the superior ramus of the arcuate sulcus produced 
direct upward or downward associated movements of both eyes, while 
stimulation j'ust at the caudal end of the s. frontalis sometimes produced 
convergence. Rarely the eyes moved toward the side stimulated. K\cn the 
great lack of detail which characterizes this report cannot detract from its 
importance, for the results show that movements of the eyes other than 
that of lateral conjugate deviation are represented in the cerebral coitcx, 
but that in ordinary stimulation experiments the cortical mechanisms pro- 
ducing downward or upward associated movements of the eyes are unable 
to manifest tiicmselvcs because of the dominance of tlic meclianisin for 
lateral movement. 

The law of reciprocal innervation of antagonistic imi'cles as pro- 
pounded by Sherrington iias received additional support from the response 
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of the eye muscles to cortical stimulation. In experiments on monkeys. 
Sherrington (1S93) shoned that if all the muscles to one eye except the 
external rectus aie paralyzed by section of the oculomotor and trochlear 
nerxes, and if. subsequently, a point in the ipsilateral hemisphere previ- 
ously yielding conjugate deviation of the eyes to the opposite side is stimu- 
lated. both eyes still move in the same direction, thus demonstrating an 
inhibition of tonus in the left external rectus by cortical excitation. This 
tonic inhibition xvas further substantiated by the finding that, after section 
of the oculomotor and trociilear nerves going to both eyes, simultaneous 
bilateral excitation of the coitical region normally yielding lateral devia- 
tion when excited separately, proiluced convergence of the eyes even 
though a divergent stiabismus had previously been caused by section of 
the nencs. From further experiments, he showed that cortical excitation 
could produce inlnbition of the pioccss of active contraction in the eye 
muscles, as veil as inhibition of tonus 

F.vKlencc that excitation of the fiontal eye region can produce inhi- 
bition of activity in muscles other than those which it can also excite is 
furnished by the nncstigations of C. and 0 \’ogt (1919) (fig. 100. p. 266). 
They found that excitation of the cortex situated anterior to the arcuate 
sulcus and limited above by extending the s. frontalis caudally f^’ogt’s 
area 8/8) uould not only extinguish a response that was being elicited by 
excitation of the legion for facial moiements but would prevent the re- 
appearance of the response when stimulation of the facial cortex was con- 
tinued A similar inhibitory influence on the precentral area responding 
with nio\einents of the arm and fingers was found upon weak excitation 
of the cortex (Vogt's area S*) situated within the bend of the s arcuatus 
and above the level of the s frontalis. Below these regions in \'ogt’s area Sy 
excitation caused an inhibition of masticatory movements elicited from 
excitation of the cortex just caudal to the lower end of the s. arcuatus 
-as ex Vbe vwKxbvto.rv vw- 

fluence of So and S/8 as questionable, their findings heralded the discovery 
by Diisser de Barenne. Carol, and INIcCulIoch (in41a. b) that strychnimza- 
tioii or electrical stimulation of a strip of corte.x in the frontal lobe includ- 
ing the region yielding lateral conjugate deviation of the eyes not only 
caused a suppiession of the electrical activity of the precentral gyrus, but 
also rendered the precentral gyrus temporarily unresponsive to electrical 
stinudation (see Chapter VUI). 

Graham Brown (1922) studied the effect of stimulation of the frontal 
eye fields in the monkey on what he designated as the “orientation of the 
optical axes reflex.” the adequate stimulus for which he concluded was 
labyrinthine, for it could be eliciterl after removal of the brain rostral to 
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the superior colliculus. This reflex he defined as that which keeps the 
optical axes fixed in relation to external space, so that when the head is 
moved in one direction the eyeballs move in a conjugate manner, equally 
and in the opposite direction. It was found to be present in monkeys under 
light anesthesia, but disappeared when the anesthesia was deepened 
Stimulation of the upper part of the frontal ocular area was found to 
“awaken” the reflex so that it manifested itself again. If the eyeballs were 
already centered they did not move in the head, but if they %vere directed 
to one or the other side just before the time of stimulation, they then 
moved to the center position and remained fixed in their sockets, even 
though the head deviated toward the opposite side. If the head was re- 
strained, excitation produced lateral conjugate movements of the eyes 
to the opposite side. From this he inferred that the cortical response was 
such as to move the eyeballs in the same direction as the head, but of equal 
and opposite degree to that evoked by the orientation reflex. However, 
another explanation would seem to suffice, namely, that stimulation of the 
upper part of the frontal eye field suppressed the orientation reflex, per- 
haps by an inhibitory effect on the vestibular mechanism. 

The fact that the frontal ocular cortex js able to superimpose its ac- 
tivity upon that of the vestibular apparatus without abolishing the re- 
sponses of the latter, is shown by the experiments of Barany and C. and 0. 
Vogt (1923). These investigators, working witli monkeys (Macaca mu- 
latta), found that during a contralateral nystagmus (quick component 
tow’ard the right) procluced by syringing the left car with cold water, 
stimulation of area 8 or fia/J (of the Vogts) of the left hemisphere lesultcd 
m deviation of both eyes in the same direction, the nystagmus oitiier re- 
maining unchanged or increasing m rate and decreasing in amplitude. By 
recording the activity in individual muscles of the ipsilateral eye they 
observed that nystagmus of this eye in the deviated position was pro- 
duced by the action of the internal rectus only, the external rectus remain- 
ing completely relaxed. 

Closure of the eyes in monkeys is not obtained from that part of tlio 
frontal region from which movements of the eyeballs arc elicited, but re- 
sults from excitation of the facial region of the precentral gyrus situated 
just caudal and inferior to the arc of the arcuate sulcus (fig. 107). The 
separation of the two responses in the cerebral cortex should occasion no 
surprise, for the two mo\ements are brought about by quite difTerent func- 
tional groups of muscles, the extrinsic ej'e mu<=clos ainl the orbicularis 
Qculi. the former innervated by the oculomotor, trochlear, and abducens 
nor\es. the latter by the facial neiwe. The diccovcry of the area for eye- 
closure in (he monkey {Macaca by Hit/ig (1870) was followed by 
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reports from a number of investigators who found the response clicitable 
from the upper part of the facial region, somewhat inferior to the point 
designated by Hitzig in the drawing accompanying his report. In electrical 
stimulation of this region the current strength can be made so ueak as to 
limit the obser\able response to the opposite side only, but with a stronger 
stimulus complete closure of the contralateral eye and partial closure of 
the ipsilateral e 3 ’e results Further increase m the stimulus strength results 
in elosme of both eyes, the response being most pronounced on the contra- 
lateral side. The contralateral cortical control of this movement therefore 
seems gieatei tliaii the ipsilateral. 

Results of Unilateral and Bilateral Ablations 

About a decade after the discoverj* of the frontal eye fields in the brain 
of the monkey. Ferncr and Yeo (18S4) reported the results of destruction 
by cauterization of various regions of the cortex Four of their experiments 
are relevant to the subject under discussion, since the lesion, as shown 
grossly in photographs of the brain after Us removal postmortem involsed 
tlie frontal ej’o fields U'hile the methods were crude as compared to 
modern ones and occasionally accompanied by infection, their results laid 
the foundation for the study of the physiological deficit in ocular move- 
ments resulting from ablation of this region both unilaterally and bilater- 
ally. These experiments demonstrated the fact that unilateral ablations 
which included the frontal eye fields result in an immediate deviation of 
the head and ej'os tonard the side of the lesion when the animal is at rest 
and is accompanied by impairment of ability to turn the head and eyes 
toward the opposite sule The alterations of function were found to be 
temporary, and nithin a few days no obvious abnormality nas present 
.\fter simultaneous bilateral ilestruction of the eye fields the head and 
eyes did not deviate to the right or left On the contrary, they appeared 
moie or less fixed in the midille axis and turning of the head and eyes did 
not occur either to the right or to the left. When the animal turned it 
moied the head and body as a whole thus executing a wide circular move- 
ment which these investigators considerctl to be due to the impaired lateral 
mobility of the head and eyes. This alteration in function, like that occur- 
ring after unilateral ablations, uas only of temporary duration, in some 
instances disappearing within two or three days after operation. It was 
noted that the activity of the animal showetl alternating periods of apatliy 
and of apparent purposeless restlessness. During the latter it was m an 
almost constant state of activity, “running about incessantly and fumbling 
among the straw at the bottom of the cage." This increased activitj’ per- 
sisted. and in one animal was present until it dieil eleven days ’ater. 
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One of the most remarkable findings in the field of the physiology of 
nervous system m primates, and one for which a satisfactory explanation 
still is lacking, was reported by Bianchi (1895. 1922) following ablations 
in the frontal lobe involving the ocular responsive region. In baboons 
(Cynocephalus poicanus) and monkeys (probably Cercocebus). following 
unilateral extirpation of this area in the cortex, which m some instances 
included approximately the caudal half of the middle and inferior frontal 
gyri. Bianchi observed that the animals apparently were blind in the 
halves of the visual fields opposite to the lesion. In the somatic motor 
realm also, profound alterations were effected. The animals exhibited per- 
sistent restlessness and frequent circling movements toward the opposite 
side iVIost of the somatic motor activity was performed in a stereotyped 
manner, listlessly, aimlessly, and automatically. Furthermore, the animals 
appeared stupid and were indifferent to objects in which they formerly 
displayed a lively interest. When threatened they made no attempt to 
defend themselves, but showed signs of great fear. When given a piece of 
sugar and a piece of chalk, the animals chewed and swallowed both with- 
out discrimination Gradual improvement occurred, but several weeks after 
the operation the alterations m function w'ere still present though ex- 
hibited to a less degree Ablation of the corresponding area on the opposite 
side now not only precipitated the alterations in their full intensity, but 
they were of a more enduring nature. 

Circling movements in monkeys (Macaca 7nulatia) subsequent to 
lesions of the frontal part of the brain have recently been studied by 
Kennard and Ectors (1938) and Kennard (1939). From their experiments 
they concluded that destruction of a relatively small area of cortex .situated 
within the bend of the arcuate sulcus, i.e., an area corresponding to Brorl- 
inanii’s area 8 as shown on his map of the Cercopithecus (fig. 95, p. 249), 
was sufficient to produce deviation of the head and eyes to the same side. 
In addition they found the circling movements, the restless, aimless and 
stereotyped activity, ami the visual defect which Bianchi liad reported 
follow mg more extensive lesions. Extirpation of the same region on the 
other side of the brain resulted in reversal of both the circling movement 
and the deviation of the head and eyes. Bdateral simultaucous ablation of 
the region produced the same results as extirpation of all the piefiontal 
cortex including this area After recover}' from the operation the aiuinab 
remained motionless with a fixed gaze directed straight ahead. Movements 
of the eyes rarely occurred and blinking appeared infrequent. Altliongli the 
animals appeared to be blind, if a moving object was brought witliin the 
\i5ual fields the eyes followed it. but at the cml returned to the central 
j)o«ition. and rage reactions sometimes resulted fiom visual stimuli 'riie 
animals were observed to walk into objects, striking tlieir licads against 
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the cage and to reach for and grasp anything offered them, after which 
they appeared not to know what to do with it. These symptoms gradually 
abated and after a few weeks the anunals appeared nearly normal except 
for a ‘Svooden" expression and fixed gaze. Restless and purposeless “forced” 
activity of a stereotypeil character and circling movements, sometimes to 
one side and sometimes to the other developed as the first class of symp- 
toms receded, .\blation of the cortex rostral and medial to this region failed 
to produce either the visual defect, the alterations in motor activity, or 
the “intellectual" deficit While Keniiard and Ectors (193S) conclude from 
their investigations that the “intellectual" deficit can be accounted for by 
the alterations in visual and motor function, later studies by Kennard 
(1930) led to the conclusion that the altered behavior exhibited by these 
monkeys was due to a “disturbance of the more complex integrative 
process of the frontal lobe.” 

Richter and Hines ( 193$) investigated the increase in spontaneous 
activity in monkeys {Macaca mulatta) produced by lesions of the frontal 
part of the brain ami arrived at conclusions at \anance with those of Ken- 
nard and Ectors Richter and Hines found that increased spontaneous ac- 
ti\ity occurred after lesions of the prefrontal regions completely sparing 
aiea S and that no increase m activity occurred after either unilateral or 
bilateral removal of this area alone In fact, after bilateral removal of 
area 8 activity decreased slightly Circling movements were not present ex- 
cept when the animals were confined to small cages Hmes and Richter 
point out that the small size of area $. together with the variation m extent 
from animal to animal, makes it difficult to remove this region without 
damage to other areas. Kennard an<l Ectors found that lesions restricted 
to the surface of the cortex faile<l to prmluce the alterations \Yhich they 
described. These were only obtained when the lesion was carried into the 
depths of the sulcus arcuatus The deep and undermining character of their 
lesions lends credence to the probability that portions of the cortex other 
than area S were involved either directly or through interruption of pro- 
jection fibers due to the encroachment of the lesion on the white matter. 

Clark and Lashlej’ (1947) found that, m order to produce an homon- 
j'lnous hemianopia in monkeys, the cortical ablation must include more 
cortex than that within the limbs of the arcuate sulcus. The visual fieltl 
defect was not always accompanied by circling movements or by devia- 
tion of the head and eyes Furthermore, the hemianopia could be produced 
by a transverse lesion of the subcortical white substance which included 
severance of the superior longitudinal fasciculus. On the basis of these 
studies they came to the conclusion that, “the visual defect represents a 
traumatic disorganization of re-entrj* circuits producing interaction be- 
tween the frontal and occipital regions.” 
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THE ANTHROPOID APES 

While the general position of the frontal eye fields in the anthropoid apes 
would appear to be constant, the extent of this region on the surface of the 
brain and its topographical relations to the various sulci are subject to 
considerably more variation than is the case in the Ion er primates. Xot only 
IS there dissimilarity of convolutional pattern in the chimpanzee, orang, 
and gorilla, but there is considerable variation from animal to animal 
in the same species and even in different hemispheres of the same animal. 
This dissimilarity of convolutional pattern, as Leyton and Sherrington 
(1917) pointed out, make it well-nigh impossible to decide exactly uhat 
point on one cerebral hemisphere is identical uith a given pouit on another 
hemisphere of the same or of a different auiinal. The situation is further 
complicated by the fact that the anthropoid apes form no exception to the 
general rule that not only is a considerable amount of electrically respon- 
sive cortex buried in the depths of the sulci (Leyton and Sherrington, 
1917; Smith, 1940), but the depth vanes from animal to animal and from 
hemisphere to hemisphere in the same animal. 

Our knowledge concerning the ocular responsive cortex in the great apc.s 
consists exclusively of the results of excitation, except for the brief note 
on the results of unilateral extirpation of the eye fields in a chimpanzee by 
Fulton and Bender (1938). 



Fio lOS — TIbc front il c\ c fit I«l- in iho or mg a- <!■ 
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Orang 

The first experiment on the electrical excitation of the brain in anthro- 
poid apes was reported b}' Beevor and Horsley in 1890 These investigators 
stimulated the lateral surface of the cerebral hemisphere in a young orang 
of an estimated age of two and one-half years. Tno anatomically discrete 
areas producing movements of the eyes were found. One was situated 
rostral to the precentral sulcus and for the most part superior to the caudal 
half of the inferior frontal sulcus, the other was situated in the precentral 
gjTUs. being bordered superiorly by the area for the hand and infenorly 
b 3 'that for the face (fig lOS). Corresponding to their anatomical discrete- 
ness, these areas uere found to j'leld ocular responses differing in type. 
Stimulation of the precentral area produced a complex movement con- 
sisting of opening of the eyes accompanied by turning of the head and eyes 
toward the contralateral si<le. uhile excitation of the more rostral region 
j'lelded only conjugate lateral deviation of the eyes to the opposite side. 



Fig 109 Tlie niotoncalU rp-pon-ne cortex a- found in the onne bv Ix’\ton and 

Sbemneton (1917). The dot- ffprc-cut oculrr re-pon'i\e fon (Redninn after Le.Mon and 
Shernnaton). 
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The two responsive points described by Roaf and Sherrington (1906) and 
the single point reported by C. and O. Vogt (1907) lay within or near 
the more rostral area described by Beevor and Horsley, and all responded 
similarly to electrical stimulation. 

Leyton and Sherrington (1917) stimulated the cortex in two orangs 
and found responsive points in the region of the more rostral area of 
Beevor and Horsley, but scattered over a larger extent. In addition to 
excitable foci yielding conjugate lateral devdation of eyes to the opposite 
side, others were found yielding deviation of the head and eyes accom- 
panied by opening of the eyes (fig. 109), 

Chimpanzee 

The chimpanzee has been the most frequently investigated of all the 
anthropoid apes Electrical stimulation of the cerebral cortex in this animal 
was first reported by Griinbaum and Sherrington (1901), w'ho depicted a 
rather extensive area from which conjugate deviation of the eyeballs could 
be elicited (fig. 110). The ocular area was separated from the electrically 
responsive cortex of the precentral gyrus by an inexcitable zone. Sixteen 
years later the same investigators (Leyton and Sherrington, 1917) gave a 





Fi(. 110— The fiontiil Me field m the chjmpan*ee accordinil to flninlijiiiii and Slirf- 
uiijiton (1003) rxcitable foci «iflim or near thii rccion were reported Im r.e\t<>n .mrl Slier- 
niicton (1017), bnl live Unm.5 of the field «eic not defined 
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more detailed report of the results obtainerl from stimulation of the coitex 
m chimpanzees A number of excitable points were found 

scattered both above and below uhat appears to be the caudal part of the 
horizontal (superior) ramus of the s. praecentralis superior; they are. 
tlicrefore. situated for the most part vvUhm \Nhat is generally regarded as 
the middle frontal gyrus. The more superior of these points yielded conju- 
gate deviation of the eyes to the opposite side combined with pupillary 
dilatation; tlie more inferior of the points yielded a similar movement of 
conjugate deviation combined with opening of the eyes. Occasionally the 
eye movements were accompanied by turning of the head in the same 
direction Convergence was rarely observed. 

In a chimpanzee in which the right oculomotor nerve had been severed. 
Fulton and Bender ( 103S) found scattered points yielding ocular responses 
in what appears to be the same general region as that depicted by Leyton 
and Sherrington From stimulation of the left ocular responsive region they 
obtained conjugate deviation of the eyes towards the opposite side, accom- 
jianicd by opening of the eyes At tunes either one or the other movement 
was elicited alone Stimulation of the right cortex elicited conjugate devia- 
tion towards the left, the right cj'c with its internal lectus paralyzed by 
previous «ection of the oculomotor nerve, deviating as far as the middle 
position thus apparently confirming Sherrington's (1S93) finding that 
excitation of the ocular cortex could inhibit tonus in tlie eye muscles that 
are niitagomsts during eyeball movement Furthermore, they noted the 
long latency of the responses as much as 6 or S seconds, and observed that 
after interruption of repeateil stimulation which had caused deviation to 
the opposite side, the eyes would often deviate m the opposite direction 
This secondarj' deviation was interpreted as due to relaxation of the 
fatigued muscles. 

Dusser de Barenne. Carol and McCulloch (1941a) depicted tlic eye 
field as a band of cortex, widest in its superior part and. in general, extend- 
ing iroin near the medial to near the lower margin of the hemisphere, 
although variations were found. They obtained ipsilateral as well as con- 
tralateral conjugate deviation of the eyeballs and from the superior por- 
tion of the field pupillary dilatation and lacriination They concluded that 
in general the frontal ocular responsive cortex coincided with their suppres- 
sor band I (see Chapter for in addition to ocular responses, its exci- 

tation was found to have a pronounced inhibitory influence on the more 
caiulally situated cortex, a? shown by suppression of response to electrical 
excitation and holding in abej'ance after-dischargc. As a result of their 
work, it would appear likely that the mexcitable cortex which Leyton and 
Plicrrington (1917) and others found present between the precentral field 
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and the eye fields came about as a result of suppression of response, due 
either to previous excitation of the frontal eye fields, or to previous excita- 
tion of the more caudal suppressor band. (See fig. 82, p. 218.) 

The results of unilateral ablation of the ocular responsive region in 
the chimpanzee have been briefly desenbed by Fulton and Bender (1938) 
In the chimpanzee referred to above, in which the right oculomotor nerve 
had been sectioned mtracranially, the left frontal ocular region was extir- 
pated. After recovery from the anesthetic, the left eye, with its peripheral 
innervation intact, was found to be deviated towards the left, and its move- 
ment past the midline towards the right was definitely restricted. There 
was deviation of the head towards the left, and when the animal walked it 
always turned in that direction, thus executing circling movements similar 
to those occurring m monkeys. No visual defect was found, the animal 
reacting to test objects presented in the right as well as in the left visual 
field. Six hours after operation, deviation of the head had almost disap- 
peared Circling movements persisted and were present eighteen hours 
after the operation, ivhen the last observation was made on the non- 
anesthetized animal. From this single experiment it appears that unilateral 
extirpation of the ocular responsive cortex in the chimpan/oc results in 
defects of ocular movement and circling movements similar to those 
reported for the monkey. The explanation of the absence of visual defect 
and the presence or absence of any intellectual deficit must await furthci 
investigation. 

Gorilla 

The only account of electrical excitation of the cerebral cortex in tlic 
gorilla is that given by Leyton and Sherrington (1917). TheSe investiga- 
tors studied the electrically responsive cortex in three animals As in the 
chimpanzee, they found the eye fields to be situated in the caudal part of 
the inferior and middle frontal gyri, rostral to the region from whicii the 
movements of the hand and face could be elicited. Excitation produced 
eitlier the complex movement of opening of the eyes accompanied by turn- 
ing of the head and eyes to the opposite side, or one or more parts of this 
complex response. No indication of the limits of the responsive region 
IS shown. 

MAN 

Results of Excitation 

Tlie knowledge whicli wc possess coneerning this region of tiie cortex 
in man has been cleri\p(l mainly from reports by Foerstcr (1931. 1930) and 
Penfield and BoUlrey (1937), but to licchtercw (ISOOti) imi^t be given 
credit for having first shown that clectriral stimulation in tlie region of 
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the caudal part of the middle frontal gj’fus in man resulted in conjugate 
deviation of the eyes and turning of the head to the opposite side. 

Foerster (1931. 1936) found that excitation of the region comprising 
the foot of the middle frontal gyrus, just rostral to that part of the pre- 
central gyrus from which he obtained movements of index finger, thumb, 
and neck muscles resulted in movements of both eyes toward the contra- 
lateral side (fig. 111). The eye field T^as identified cytoarchitecturally as 
corresponding to area 8a/35 of the Vogts. Excitation with the galvanic 
current produced a short quick tivitch; excitation with faradic a conjugate 
deviation of the eyes during application of the stimulus, in each instance 
unaccompanied by turning of the head. Frequently the lateral deviation 
was associated uith a slight upward movement, rarely with a dounnard 
component. Purely upward or purely downward movements of the eyes 
without lateral deviation were very rarely seen and then only as isolated 
movement of one eyeball No definite change m size of pupil could be 
ascertained. Occasionally it was noted that upon application of the stim- 
ulus the eyes deviated slightiv toward the stimulated side and then quickly 
reversing their direction moved toward the opposite side No sensation was 
aroused by e.xcitation of this field In harmony with the findings of various 
investigators from studies on nionkevs aiul anthropoid apes, the threshold 
for this area was found to be decidedly higher than that for the precentral 
region, and galvanic e.xcitation frequently was ineffectiv’e. The response 
of this region was not altered by excision of area 6a^ (of the Vogts and 
Foerster; area 6 in this monograph) or by removal of the entire precentral 
convolution. 

As had been previously demonstratetl by the Vogts (1919) m the 
monkey. Foerster found that area 9 m man responded with turning of 
the eyes to the opposite side only when a strong stimulus was used, the 
threshold for area 9 being higher than that for area S. After extirpation of 
area Soj55 (of the Vogts), the responsiveness of area 9 was abolished. 

Epileptic attacks produced by e.xcitation of the ocular area were found 
to begin with clonic movements of the eyes toward the opposite side, the 
clonic movements soon changing into a tonic deviation in the same direc- 
tion. No v’isual aura was associated with the attack. 

Oidinanly area Gao (of the Vogts and Foerster; area 4a m this mono- 
graph) icsponcled to faradic stimulation with isolated mov'ements of v’ari- 
ous parts of the extremities just as did area 4. But, after excision of area 4 
strong faradic stimulation of area Gao produced a complex mov’ement in 
which the head. eyes, and trunk turned toward the opposite side with 
complex synergic movements of flexion and extension of the contralateral 
limbs. These responses were abolished by undercutting the cortex or by 
coagulating it. 




Fia in — Foer'ter's (1936) map of the cortex in iiitn In .xiiJition (o (lie 

■itrd ociilar responsive cortex, eje movements were obtuned from cortex sitiiited . 
ostrallj if a stronger stimulus was n«e<l 
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Area 6a^ (of the Vogts; area 6 in this monograph) required strong fa- 
radic stimulation to give a response and under general narcosis it uas found 
completely mexcitable. The response consisted of rotation of the head and 
eyes towards the opposite side The response of 6a^ was elicitable after 
destruction of area 4 or after ablation of the precentral convolution or its 
efferent connections. If. honerer. the efferent fibers from 6a/i were inter- 
rupted in the corona radiata the response to electrical excitation no longer 
occurred. 

Penfield and Boldrey (1937). employing a thyratron stimulator with a 
frequency of 55 to 65 per second (characteristics of wave and intensity not 
given), obtained eye movements from points scattered over a wider region 
of the frontal cortex than was reported by Foerster. Responsive foci were 
found in the caudal part of the superior, middle, and inferior frontal gyri. 
as nell as in the precentral gjTus (fig. 112) .-Vs indicated in their drauing. 
these foci were found m regions corresponding to areas 6act, daP. S. and 9 
of the Vogts. The only response elicited consisted of lateral conjugate 
deviation of eyes to the opposite side, often vsith an upward, never with a 
downward conipoucnt. Turning of the head to the opposite side did not 
accompany the eye movements except m a fen instances, and then it was 
obtained not from area 6a/? as Foerster reported but from stimulation of 
the precentral face area. In addition to motor responses, m two cases the 
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subjects experienced a sensation, usually one of movement, in the eyes 
from stimulation of the caudal part of the middle frontal and adjacent 
part of the precentral gj-ri, althou^ no movement of the eyes was 
discernible. 

Effect of Lesions 

The frequent complexity of lesions occurring in the brain of man, the 
lack of definite anatomical limitation in most instances, and the possibility 
of signs and symptoms occurring as a result of indirect involvement of 
1 emote regions, make for cautiousness and conservatism in attempting to 
assess the direct effect of any intracranial lesion. Furthermore, slowly pro- 
gressive lesions, such as tumors, involving certain regions of the cortex 
may produce no discernible alterations in function because of the existence 
of compensatory mechanisms which come into operation simultaneously 
with the localized destruction of the nerve elements. Thus it happens that, 
ill most instances, acute lesions producing destruction of a cortical region 
are more likely than slowly progressive ones to cause signs and symptoms 
This is particularly true of the frontal eye fields, for experiments on ani- 
mals demonstrate that the alterations occurring after unilateral ablation 
disappear to a great extent uithin a short time, and even those occurring 
after bilateral ablation are largely compensated for after the Iap«e of a 
slightly greater length of time. Xevertheless, the available evidence from 
clinical studies on man seems to indicate clearly that acute lesions destroy- 
ing either the cortex in the vicinity of the caudal part of the middle 
frontal gyrus, or as more frequently occurs, interrupting the efferent fibers 
from this region as they pass through the internal capsule, produce altera- 
tions m function, as regards ocular movements, in a manner comparable 
to that seen m monkeys after ablation of the corresponding cortical region. 

It is a well-established fact, emphasized by Prevost (1808), tliat many 
cases of hemiplegia resulting from lesions in the internal capsule show a 
deviation of the head and eyes toward the side of the lesion early in the 
affection Roux (IS99) concluderl that those cases associated ivith an 
homonymous hemianopia uerc due to a lesion involving either the visual 
cortex of the occipital lobe or the \isual pathway, while those cases show- 
ing no defect of the visual fields resulted from a lesion either in the region 
of the caudal part of the middle frontal gyrus, or from interruption of 
efferent fibers from this area as they passed through the internal capsule. 

In the former instance voluntary movements of the eyeballs remained, in 
the latter voluntary movements were lost, but reflex movements resulting 
from visual impulses were present, so that the eyes followed moving 
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objects. The correctness of Roux’s conclusions has been amply confirmed 
by subsequent clinical and experimental studies, 

Tlie striking features of frontal oculomotor dysfunction in man due 
to unilateral destruction of the frontal eye fieUl are described in detail by 
Gordon Holmes (1938). Although the paresis resulting in these cases is 
variable, in a typical one the patient is unable to move the eyes when 
ordered to do so. although an attempt is obviously made, sometimes ac- 
companied by expressions of great distress. If however, he is asked to look 
at an object and then the object is sloivly moved either toward the op- 
posite side or upwaids or tlonnwards. the eyes follon it and the movements 
may execute tlie full range normally attained However, if the object is 
rapidly moved, the eyes follow it for only a short distance and then re- 
turn to their position of deviation, or if while the eyes are folloiving a 
slowly moving object it is suddenly moved rapidly or jerkily so that fixa- 
tion is interrupted, the eyes cease to follow and then return to the deviated 
position. Furthermore there is an absence of optic nystagmus which is 
normally elicited when a slowly revolving drum, on which are placed verti- 
cal lines. IS looked at Convergence on a near object may also be defective, 
but when slowly aproached from a distance convergence seems normally 
executed. Although movements of the eyes cannot be voluntarily brought 
about, if two points on a sheet of paper are connected by a line, or if 
a series of dots are placed between them the eyes may follow along the 
line or dots until they reach the other side Having reached the end of the 
line they may remain fi.xcd in that position until the impulses originating 
in the fovea centralis are extinguished either by blotting out the object 
fixed upon, e.g.. by closing the eyes or by moving the head, or by moving 
the finger along the line in the reverse direction. By this latter method 
reading may be accomplished, for the finger can be used to lead the eyes 
back and forth across tlie page Movements of the eyes can also be brought 
about by active or passu e movement of the head during which the eyes 
move through an equal angle, but in the opposite direction. That this 
compensatory deviation is not due to impulses of labyrinthine origin, but 
to the influence of foveal impulses. Holmes thinks is shown by the fact 
that the eyes remain in the ilexdated position after head movement ceases, 
and that the compensator}’ ocular movement does not occur if the eyes 
are closed. Unilateral destruction of the frontal ocular region, therefore, 
results in a disorder of ocular movement- Under such circumstances eye 
movements cannot be performed voluntarily, but under the influence of 
foveal impulses the movements may encompass the normal range. It 
therefore seems that the frontal ocular region not only provides for volun- 
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tary movements of the eyes, but it is also concerned with influencing the 
visual fixation reflex, chiefly in the form of releasing the eyes from its con- 
trol, thus permitting them to become fixed on other objects. Bilateral 
lesions such as occur m pseudobulbar palsy render \oluntary ocular move- 
ments difficult or impossible, but reflex movements dependent upon visual 
impulses appear to be well performed. 

That alterations in ocular movement are not reported in every case of 
lesion of the internal capsule may be due to the fact that in some capsular 
lesions, fibers concerned with ocular movement may not be involved, and 
in others the alteration in function may be of so short duration as to 
escape observation, while in the case of slowly progressive involvement, 
either of the cortex or of the internal capsule, compensatory adjustments 
may occur simultaneously with the progress of the lesion, so that no 
physiological deficit is discernible. 

The less frequent occurrence of deviation towards the side opposite the 
lesion may be explained by the presence of an irritative lesion having an 
excitatory effect on the cortical eye field or its efferent fibers, for the evi- 
dence from experiments on animals seems to demonstrate conclusively that 
destruction of the frontal eye field never results in deviation of the eyes 
tow’ards the contralateral side. 

To the know’ledge w hich we possess concerning alterations in eye move- 
ments subsequent to lesions of the frontal part of the brain which involve 
the frontal eye field or its efferent fibers. Foersler (1936) has added find- 
ings concerning the effects of surgical removal of the ocular responsive 
cortex in man. According to Foerster’s investigations, alterations of eye 
movement do not occur as a result of removal of any portion of the frontal 
lobe except the caudal part of the middle frontal gyrus This region he 
designates as area 8a;8S corresponding to the Vogts’ chart. Following 
excision of this region in man, Foerster found that the eyes were not 
deviated, but maintained the usual position toward the front There 
existed an inability of the patient to turn the eyes toward the opposite 
.side upon command, together with a lack of spontaneous glancing toward 
the side opposite the lesion. Eye movements produced by moving an 
object upon which the patient had fixated, either executed the full range 
of movement or. in some instances, showed definitely liimted excursions. 

The findings for man, therefore, are only partially in agreement with 
those described by some obseiwers as occurring after destruction of the 
frontal ocular field in monkeys. The available evidence indicates tliat man 
does not exhibit the “forced circling” moxements. the “intellectual deficit.” 
the change in personalit}'. nor the visual defect wliicli liave been described 
after lesions of the frontal eye field in monkeys. 
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CYTOARCHITECTURAL SUBDIVISIONS 

The interest aroused by cytoarchitectural studies of the cerebral cortex, 
especially those of Campbell (1905) and Brodmann (1909), resulted in 
new attempts at analyzing its functions. ITp to that time most investiga- 
tors had reported the results of excitation and extirpation in terms of 
anatomical regions of the bram. or of extirpation in terms of the area yield- 
ing a particular response upon excitation, and it is on this basis that most 
of the reports dealing nith the frontal eye fields have been made. Follow- 
ing the nork of Campbell and Brodmann, interest began to be centered in 
attempting to correlate the results of excitation and extirpation of various 
cytoarchitectural regions. 

The work of the Vogts (1907. 1919, 1926) on electrical stimulation of 
the cerebral cortex in monkeys (members of the genus Cercopithecus) 
culminated in considerable knowledge regarding the possible functional 
role in these animals of the various cytoarchitectural areas described by 
Brodmann (1909) (figs. 95. p. 249. and 100. p. 266). Their experiments 
shonecl that movements of the eyes could be elicited from areas which 
they designated 6a^. SajSSy. 9c and 9d. and the rostral part of area 10. From 
area GajS (comparable to area 6 m this monograph) eye movements oc- 
curred as part of a complex movement including deviation of the eyes and 
turning of the head and curving of the trunk toward the opposite side, ac- 
companied by movements of the opposite ear. If a stronger stimulus was 
used, this would be followed by synergistic movements of the opposite 
arm and leg. They designated this area as the frontal field for adversive 
movements and found that with stronger stimulation similar responses 
could be elicited from 9a and 9b The upper portion of area 8. designated 
by the Vogts as was found to be the most easily excitable field for con- 
jugate lateral deviation of the eyes. Rostral to this area. Oc and 9d gave a 
similar response, but a stronger stimulus was necessary. Still farther for- 
ward in the cauilal part of area 10. just below the sulcus frontalis, con- 
jugate ocular deviation could be elicited with still stronger current Thus 
they showed that the ocular responsive field encompassed a considerable 
extent of the frontal cortex and that it w’as not confined to any single 
cytoarchitectural area. 

The findings of the Vogts for the frontal eye fields of Cercopithecus 
must not be taken to mean that this field necessarily is of the same cyto- 
architectural extent in other primates. What may well prove to be major 
errors in our experimental evidence concerning the results of ablation or 
excitation of cytoarchitectural areas have come about by the general use 
of Brodmann's (1909) and the Vogts’ (1919) maps for experiments on 
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other monkeys. These maps were prepared from a study of a number of 
brains from members of the genus Cercopithecus (in the Vogts’ case, over 
100 brains, species not given), and therefore it seems well to bear in mind 
the probability that they do not represent accurately the extent of the 
areas in any single individual of that genus. Any assumption that the 
Brodmann and Vogt maps apply equally well to the brain of members of 
any other genus except m a general way, seems contradicted by the find- 
ings of Richter and Hines (1938) and Walker (1940a) that area 8 in 
Macaca mulatta extends upward and onto the mesial surface of the 
hemisphere between areas 6 and 9. No such extension of area 8 is depicted 
either in the cytoarchitectural maps of Brodmann and of the Vogts (figs. 
95, p. 249, and 100, p. 266) or in the myeloarchitectonic map of Mauss 
(1908). Furthermore, cytoarchitectural areas are subject to variation m 
extent to such a degree that only by histological study of serial sections 
through the ablated area can accurate information be obtained concerning 
the extent of the ablation, and in many instances this procedure is neces- 
sary for the identification of the cortex beneath the stimulating electrodes. 
By such a study the actual extent of the lesion is recognized, and the errors 
caused by variation in the extent of areas, as well as the difficulties caused 
by differences in sulcal and gyral pattern and depth of sulci are obviated. 
Richter and Hines (1938) found that area 8 was subject to considerable 
variation from individual to individual, and therefore its extent can only 
be determined by careful cytoarchitectural studies. Furthermore, as these 
investigators remark, it seems that “the inclusion or exclusion of an ap- 
parently insignificant amount of cortical tissue at certain strategic places 
makes a great deal of difference in the sequelae of the operation.” 

No such Studies as those of the Vogts on the monkey have been re- 
ported for the brain of the anthropoid apes, and one can therefore do little 
more than speculate regarding the cytoarchitectural fields involved. Fur- 
ther studies are necessary to decide whether or not the areas concerned 
are the same as in Cercopithecus. 

In the case of man, correlation between structure and the results of 
stimulation or extirpation is in an unsatisfactory state, especially with 
regard to the frontal eye fields. C. and O. Vogt (1926), on the assumption 
that cortical areas in man similar in structure to those found in the monkey 
(Cercopithecus) were endowed with identical physiological properties, 
boldly transferred their cortical map for Cercopithecus to the human brain 
and even included the physiological characteristics of each area. 

The discrepanej’ between the Vogts’ c 5 ’toaichitectural map and that for 
man as given by Brodmann (1909) and von Ecoiiomo and Koskina« { 1925) 
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is striking, especially with regard to area S (figs, 2 and 3, pp. 11-12). For 
whereas the Vogts’ map shows area 8 confined to a rather small strip of 
the cortex in the middle and inferior frontal gyri rostral to the precentral 
sulcus and not reaching to the medial surface of the hemisphere, both 
Brodmann and von Economo and Koskmas depict the cortical field pos- 
sessing a cytoarchitectural structure characteristic of area 8 as continuing 
in the form of a broad band up to the edge of the hemisphere and extend- 
ing over onto the mesial surface between areas 6 and 9 as far as the sulcus 
cinguli (callosoniarginalis). The area named by von Economo and Kos- 
kiuas in man as area frontalis intermedia, and tlesignated as area FC, 
corresponds closely in position, extent, and structure to area 8 of Brod- 
inami’s map of the human cortex. On the basis of the cytoarchitectural 
investigations of Brodmann (1909) and von Economo and Koskinas 
(1925). area 8 as shown m the figures of the Vogts (1926), of Foerster 
(1936). and of Penfield and Boldrey (1937) is not correctly depicted (see 
also frontispiece). It seems probable that m man ocular movements can 
bo elicited from all or part of Brodmann's areas 0. 8. 9. and 46, but this 
must be considered as tentative only and subject to revision in the light of 
further cytoarchitectural studies Information concerning the functional 
1 elation of these areas to each other in the production of ocular movements 
has been furnished by Foerster (193C). He found that ocular move- 
ments could be elicited from the foot of the middle frontal gyrus (presum- 
ably area 8) after extirpation of area 6 or after removal of the entire pre- 
central g>’rus Area 9 was found to respond with eye movements, but only 
when a much stronger faradic current was used, and its excitability was 
lost after excision of area 8. 

EFFERENT PATHWAYS 

Tlie production of ocular responses by electrical stimulation of the frontal 
eye fields naturally raises the question as to what pathways are concerned 
in conveying impulses from this region of the cortex to the eye-muscle 
nuclei. That this region responds to electrical stimulation through the 
medium of its own projection fibers, which arise from cells within it and 
pass downward, seems proven by the fact that removal of cortex rostral and 
caudal to the field does not abolish its reactivity, while undercutting the 
area renders it unresponsive. Furthermore, degeneration studies following 
extirpation of a portion of area 8 with or without involvement of a portion 
of area 9, show that fibers from this region pass downward through the 
internal capsule. (See Chapter V, figs. 63 and 64, pp 137-13S.) 
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Definite information relating to the course of the fibers conveying 
impulses from the frontal eye fields was reported by Brissaud (1880) From 
clinical and pathological investigations on hemiplegic patients, Brissaud 
came to the conclusion that motor impulses for voluntary contraction of 
all the muscles of the head and face are transmitted over nerve fibers 
passing through the internal capsule in the region of the genu, and that 
these fibers are situated in the medial part of the cerebral peduncle and 
end in the lower part of the bram stem. 

As a result of stimulation of the internal capsule in both the monkey 
{Macaca sintca) and the ©rang, Beevor and Horsley (1890) found that 
opening of the eyes and turning of the head and eyes to the opposite side 
were elicitable from the posterior Imib in the region of the genu at the 
level where the internal capsule was bounded by the caudate and thalamic 
nuclei medially and by the putamen laterally. The position of the nerve 
fibers concerned with head and eye movement was therefore shown to cor- 
respond in general to the position of the corticobulbar pathway. 

Connections of the prefrontal cortex followung unilateral ablation of n 
relatively large area in the monkey (Macaca jnulatta), including the ocular 
responsive field, were described by Mettler (1935b). The Maichi method 
disclosed degenerated fibers passing to the caudate nucleus, the putamen, 
the globus pallidus, the anterior portion of the lateral group of thalamic 
nuclei, the substantia nigra, the corpus subthalainicus, the intcistitial 
nucleus, the oculomotor nuclei, the rostral part of the red nucleus, the 
anterior tegmfental nucleus, and the nucleus of the posterior commissure. 
The degeneration could be traced as far as the nuclei pontis where it ap- 
peared to end. 

Further information concerning the course of the nerve fibers from the 
frontal ocular region resulted from the investigations of Hirasawa and Kaffi 
(1935) on monkeys (Cercopithecus from Polynesia anti Mncacus fj/c/opis 
from Formosa). Following cauterization of the cerebral cortex in the region 
corresponding to the Vogts’ area SafiSy, 9c. and 9d. March! studies tUs- 
closed associatiou, coiuuussural, and pcojectiou fibers from this region. 'I'lip 
association fibers described consisted of short fibers to the cortex of ad- 
jacent gyri and longer association fibers which passed through the cxteinal 
capsule to that part of the caudate nucleus forming the transition between 
the head and the tail. Commissural fibers were indicated by scattered de- 
generation 111 the anterior part of the corpus callosum. Corticofiigal fibeis 
were described as entering the internal capsule through the anterior limli 
and then occupying a position in the genu and rostral part of the posterior 
limb Most of the corticofiigal fibers were found to end in tiic basal ganglia, 
including the head of the caudate nucleus, the putamen, the globus jial- 
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lidus, and the thalamus, as well as m the red nucleus, the substantia nigra, 
the tegmentum and the nuclei pontis In the cerebral peduncle degenerated 
fibers were found in the medial part; in the pons they were present in the 
ventromedial longitudinal fasciculi Xo degeneration was found caudal to 
the pons. 

Degeneration of nerve fibers as revealed by the ilarchi method after 
extirpation of a small area of cortex situated within the arc of the sulcus 
frontalis in the monkey {Macaco miilatta), and hence involving area S. 
was reported by Levin (1936; see also Chapter V). He found that fibers 
from this region occupied the anterior extremity of the posterior limb of the 
internal capsule near the genu (fig 63. p. 137) and m the cerebral peduncle 
were situated just lateral to the medial one-twelfth. He concluded that the 
fibers ended in the substantia nigra and the tegmentum. None could be 
traced to the superior colliculus or to the eye-muscle nuclei. 

On the basis of these studies the possibility exists that m primates as- 
sociated ocular movements produced by excitation of the frontal e>’e fields 
may result from impulses passing to the eye-muscle nuclei, either by way 
of extrapyraniidal nuclei, or by a more direct patliway to the mesenceph- 
alon. Whether or not the impulses proceed thence to the eye-muscle 
nuclei directly or reach them through the medium of other pathways is 
unknown. Evidence that lateral associated movements of the eyes from 
excitation of the frontal cortex in the dog is produced by impulses passing 
over nerve fibers in the medial longitudinal fasciculus was presented by 
Spiegel and Tokay (1930). From further studies on the cat. Spiegel and 
Scala (1936) concluded that the responsible fibers in this fasciculus were 
ascending and arose from neurons in the vestibular nuclei. Their finding 
that destruction of the efferent fibers from the globus palhdus or the 
posterior commissure had no effect on the production of associated move- 
ments normally produced by cortical stimulation appears to refute the con- 
tention of Mnskens (193-i. 1937) that these structures are fundamentally 
concerned in the ocular responses from the frontal cortex'. While severance 
of the medial longitudinal fasciculus or destruction of the vestibular nuclei 
was found to abolish horizontal conjugate movements of the eyes produced 
by cortical stimulation, movements of vertical conjugate deviation were 
still elicitable after transierse section of the brain stem just caudal to the 
mesencephalon. TIius they concluded that the two types of movement 
were mediated by separate mechanisms, the connections of the frontal 
cortex with the mesencephalon apparently sufficing for the production of 
vertical ocular movements, while connections of the frontal cortex witli 
the i cstibular nuclei w ere necessarj' for the production of horizontal ocular 
movements from stimulation of the frontal eye fields. 
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SUMMARY 

In the frontal lobe of the monkey, the region from which ocular responses 
can be elicited by electrical stimulation is situated just rostral to the pre- 
central gyrus. The responsive cortex extends from a short distance below 
the sulcus frontalis, opposite the precentral face area, upward and onto 
the mesial surface of the hemisphere as far as the sulcus cmguli. The re- 
sponse when fully developed is a complex one consisting of conjugate 
deviation of the eyes and turning of the head toward the opposite side, 
often accompanied by opening of the eyes, dilatation of the pupil, and 
nystagmus toward the contralateral side. The response may vary, depend- 
ing on such factors as depth of anesthesia, strength of the stimulus, con- 
dition of the cortex, and general condition of the animal. A brief applica- 
tion of the stimulus may produce only part of the complex response. There 
are indications of functional subdivisions in this region, but investigators 
do not agree as to the way m which it should be divided. After abolition 
of the peripheral mechanism for horizontal conjugate movements by 
cutting the internal rectus of one eye and the external rectus of the other, 
stimulation produces \ertical conjugate movements, thus demonstrating 
that both movements are represented m the cortex. In addition to pro- 
ducing activity, the frontal ocular responsive region is included in a strip 
of cortex which nhen stimulated suppresses the electrical activity of the 
precentral motor cortex, renders it unresponsive to electrical stimulation, 
and checks any after-discharge resulting from a previous stimulation (see 
Chapter VIII). The responsive region apparently includes cortex belonging 
to areas 6, 8, and 9, but the exact relation of the cytoarchitectural areas 
to the limits of the eye fields and the functional relation of these areas arc 
not known. 

Unilateral ablation of the frontal ocular responsive cortex in the 
monkey causes marked temporary disturbances characterized by deviation 
of the head and eyes toward the side of the lesion, circling inovemcnf« 
toward the same side and other stereotyped activity in the somatic motor 
realm, an apparent contralateral homonymous hemianopsia, iniliffercnco 
of the animal to its environment, and an “iiitellectuar’ deficit. After bi- 
lateral ablation the animals sit motionless gazing straight ahead. The eyes 
follow moving objects but always return to the central position. The 
animals fialk into the sides of the cage, ami grasp any object offered them, 
but do not seem to knon nhat use to make of it. .\fter a few weeks thc^e 
symptoms subside to such an extent that little remains except an ex- 
pressionless face, a fixed gaze, circling movements and other restless and 
purposeless activity of a stereotyped character. A difTercnce of opinion 
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exists as to "whether or not these sjanptoms can be produced by extirpation 
of area S alone. 

In the anthropoid apes the evidence from investigations on the chim- 
panzee indicates that the ocular responsive cortex occupies portions of 
all three frontal gj’ri and is situated relatively farther rostrally than in the 
monkey. Conjugate deviation of the eyes to the ipsilateral as well as the 
contralateral side accompanied by tuniiiig of the head in the same di- 
rection. pupillary dilatation, and lacriination have been reported. As in the 
monkey the most rostral suppressor baml includes the eye field (see 
Chapter VIII). Unilateral extirpation reported in one animal caused tem- 
porar}' conjugate deviation of the eyes towards the side of the lesion and 
circling movements in the same direction. Xo visual defect was discernible. 
Cytoarchitectural studies on the responsive field have not been reported. 

In man ocular movements ha\c been obtained from the frontal cortex 
by stimulation of the caudal part of the superior, middle and frontal gyri 
and the precentral gyrus. The eye movements usually consist of lateral 
conjugate deviation to the opposite side with or without movements of 
the head. Pupillary changes have not been elicited, except in one case. 
The cytoarchitectural areas involved probably include portions of 6. 
8, 9. and possibly 40. but accurate information regarding this is not avail- 
able at present. Irritative lesions involving the frontal eye fields on one side 
may cause either constant lateral deviation to the opposite side or epileptic 
attacks characterized by clonic movements of the eyes toward the opposite 
side, followed by motor phenomena elsewhere in the body. Unilateral acute 
destructive lesions involving the frontal ocular cortex or its efferent fibers 
as they pass through the internal capsule, produce temporary conjugate 
lateral deviation to the same side and inability of the patient to move the 
eyes toward the opposite side on command The head may be turned in 
the same direction. Reflex movements of the eyes depending on visual im- 
pulses encompass the normal range through the mechanism of the vdsual 
fixation reflex. Alovements of the eyes away from an object that has been 
fixed upon may not be possible until the foveal impulses have been ex- 
tinguished. Bilateral lesions of the efferent fibers ocurnng in pseudobul- 
bar palsy result in a fixed central gaze and inabibty to move the eyes 
voluntarily, but reflex movements may be well performed. 

The evidence available indicates that efferent fibers from the frontal 
ocular cortex pass through the region of the genu of the internal capsule 
to a number of extrapyramidal nuclei. In ackhtion. some fibers have been 
traced into the mesencephalon, but none have been followed into the eye- 
nuiscle nuclei, and none appear to pass bejaind the pons. From e.xperi- 
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meats on animals below primates, evidence has been obtained to show that 
impulses from the frontal cortex cauang conjugate lateral movements of 
the eyes pass to the vestibular nuclei and then to the eye-muscle nuclei 
over ascending libers in the medial longitudinal fasciculus. On the other 
hand, the pathways for the production of vertical conjugate movements 
from cortical stimulation were found not to extend lower than the mesen- 
cephalon. 

The frontal ocular field seems not only to provide for voluntary move- 
ments of the eyes, but it appears to be concerned with influencing the 
visual fixation reflex, chiefly in the form of releasing the motor apparatus 
of the eyes from its control, thus permitting the eyes to become fixed on 
other objects. 
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ELECTRICAL EXCITABILITY IN MAN 

H ITZIG (1S70) PRECEDED his animal experiments by galvanic 
stimulation applied through electrodes on the mastoid processes 
or ear lobes of man, thus producing eye movements and dizziness, 
nhich he concluded i\ere central in origin. Direct stimulation of the cer- 
ebral cortex of man ^\as first carried out by Robert Bartholow (1874), a 
surgeon of Cincinnati. His patient presented an ulcer of the scalp which 
had eroded the skull. By faradization of the exposed dura mater “with the 
least possible current," Bartholow induced muscular contractions of 
the opposite arm and leg with head turning. Passing the electrode into the 
brain substance and using a stronger current, he produced a convulsion 
on the contralateral side and the patient became unconscious. Three days 
after this procedure and following a series of right sided convulsions the 
patient died. Fortunately subsequent studies of cortical excitability have 
been less hazardous. 

Obsen’ations on the electrical c.xcitabihty of the human cortex have 
always been limited by the clinical opportunities presented to the physi- 
ologically minded surgeon. Investigation of the motor cortex in man has 
tended to follow the leads furnished by animal experimentation. With the 
development of modern neurosurgery, however, the number of observa- 
tions multiplied rapidly. In the period between Bartholow’s report of 1874 
and the j'ear 1914 seventy-four cases were recorded m which the brain 
was electrically stimulated at the operating table. An e.xcellent bibliog- 
raphy on the subject is to be found in a recent paper by Scarff (1940). 
There is no reason here to review this literature in detail, for most of these 
observations in the human corroborated the work previously reported in 
animals. Where their data were insufficient for the preparation of cortical 
maps, many earlier surgeons made liberal use of the observations on an- 
thropoid apes and lower animals. On the other hand, the Vogts (1919. 
1926) prepared a map of the human cerebral cortex on the basis of their 
comparative cytoarchitectonic studies and electrical stimulation of the 
monkey’s cortex. This map corresponded to a surprising extent with that 
prepared by Foerster (1920b. 193Gb) as the result of stimulating the cortex 
of almost three hundred patients under local anesthesia. The chief remain- 
ing contributor to this field of knowledge is Penfield, who with Boldrey 
(1937) reviewed the results of cortical stimulation carried out under local 
anesthesia in 163 craniotomies. Scarff (1940) has recently reported four- 
teen cases studied with special reference to the location of the centers 
for the lower extremity. 
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It may not be amiss to refer to the practical value of electrical stimu- 
lation to the neurosurgeon. Grossly it is difficult to identify the central 
sulcus, even in the anatomical laboratory with the pia arachnoid removed 
so as to render the sulci prominent. Durmg operation, with the arachnoid 
intact and only a limited portion of the hemisphere surface exposed, it is 
virtually impossible to identify the central sulcus with certainty The great 
anastomotic vein of Trolard, often considered as a guide, ascends some- 
times in the central sulcus aud sometimes in the postcentral sulcus; but 
again its size as well as position are variable Electrical stimulation is the 
only certain method of achieving exact localization during operation, and 
as such is of great practical value when removal of lesions in the vicinity 
of the motor area is contemplated In the epileptic patient such stimula- 
tion also helps to confirm the location of an epileptogenic focus by repro- 
ducing the patient’s habitual seizure. These must be carefully distinguished 
from so-called "physiological seizures" or "after-discharges" produced by^, 
stimuli of excessive duration or intensity (Penfield and Erickson, 1941). 

Since electrical stimulation h not usually performed on normal iiidi* 
viduals, the question arises as to how the patient’s disease may influence 
the results. Most of the studies have been carried out in epileptics and, 
barring any distorting lesion, the responses to stimulation within the pre- 
central motor area with certain exceptions are the same as in normal in- 
dividuals Before or after seizures these patients may exhibit marked facili- 
tation of response, or on (he other hand complete inhibition. Another 
effect presumably characteristic of the epileptic is the activation of remote 
areas of the cortex not ordinarily responsive to stimulation (Penfield and 
Boldrey. 1937). 

The choice of the proper anesthetic agent is of the greatest importance 
when study of the cortex by means of electrical stimulation is contem- 
plated Deep general anesthesia %vith almost any agent mil render the 
cortex relatively inexcitable and for this reason local anesthesia is to be 
preferred whenever pos.sible. Nupcrcaine (1/1500 and 1/4000) solution is 
especially suitable (see Penfield and Erickson, 1941). When tlie patient is 
a child or is especially uncooperative, hoMCver, general anesthesia is neces- 
sary. Cortical excitability is sometimes aell preserved nith averfin. From 
my recent experience it appears that intravenous sodium pentotlial ma}' 
be used during the initial stages of the operation while the scalp, bone 
flap, and dura mater are being reflected If a local anesthetic has been in- 
jected, the patient may then be allowed to regain consciousness; the corti- 
cal excitability returns rapidly, so as to permit satisfactory results from 
stimulation. 

Xo histological changes in the nerve cells or neuroglia Iiavc been dem- 
onstrated following careful electrical stimulation within the usual cfTce- 
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tive ranges. Stronger stimulation of the exposed cortex of the cat or the 
dog may, however, cause a focal cerebral ischemia through spasm of the 
pial vessels (Echlm, 1942). The pial \essels of man are apparentlj’ less 
susceptible to the induction of such spasm. 

Various types of electrical current have been used for cortical stimu- 
lation. Although galvanic stimuli were first employed by Fntsch and Hit- 
zig, farathc current used by Fcrrior has been commonly employed since 
then. In the past decade thyratron stimulators have been popular because 
of their stability and reliability, while others have employed a sinusoidal 
wa%'e stimulator. The relative merits of these and other forms of stimula- 
tors have been recently discussed by Erickson and Gilson (1943) 

A duration of one second or less is usually sufficient to produce discrete 
and imsustaincd responses from the sensorimotor cortex If the duration 
IS prolonged to 5 or 10 seconds, the tendency to produce an after-discharge 
is increased: that is tiie response outlasts the stimulus by an appreciable 
length of time and constitutes an epileptiform seizure which spreads along 
definite neural pathways (Erickson 1040). It must be kept m mind that 
with increased duration of stimuli there is an increasing possibility of corti- 
cal damage which is not present with stimulation of shorter duration. 

The optimum frequency for stimulation of the cerebral cortex has been 
variously stated to lie between 25 and 00 stimuli per second. Possible 
regional differences between the various cortical areas m this respect have 
not been investigated Hmes (1940) found that 90 cycles per second were 
optimum for the chimpanzee, while 00 per second have been extensively 
used and are quite satisfacloo’ for obtammg responses from the human 
cortex. Few studies have been made of the optimal wave shape for cortical 
stimulation. For single stimuli. Wyss and Obrador (1937) found that opti- 
mum current duration was obtainetl with a rising phase between 7 and 20 
milliseconds; whence they concluded that ordinary induction shocks are 
much too short to be considered as adequate stimuli for cortical motor 
elements. 

The detailed technique of using electrical stimulation in the operating 
room has been described elsewhere (Peiifield anil Erickson, 1941). It is 
important to begin with a subliminal stimulus and gradually increase 
the intensity until a response is obtained, using a duration of one second 
or less so as to avoid after-discharge. 

Penfield and Boldrey (1937) analyzed the results obtained in 163 
craniotomies, anti the following discussion is largely based upon their 
results except where otherwise stated. Motor responses (fig 113) occurred 
almost exclusively from the pre- and postcentral gj-ri, and by far the 
greatest number were situated on the anterior brim of the central sulcus. 
Xo increase of current strength was required to evoke the responses from 



348 


The Precentral Motor Cortex 


the postcentral gyrus, so they cannot be attributed to spread of the stimu- 
lating current. Numbness, tingling, or a sense of movement, while usually 
obtained from the postcentral gyrus, not infrequently resulted from stimu- 
lation of the precentral gyrus, thus emphasizing the clo'Je functional rela- 
tionship of corresponding parts of these gyri. All responses were eliminated 
in which there was a so-called “physiological seizure,” that is, an “after- 
discharge” or continuance of the response after cessation of the stimulus. 
No evidence of the tertiary motor area described by the Vogts as 6aa or 
of the various extrap>Tamidal motor areas proposed by Focrster was ob- 
tained. Rather, the results resembled those obtained by Grilnbaum and 
Sherrington (1903) in the chimpanzee. 

The contralateral nature of most movements resulting from electrical 
stimulation has been universally recognized. The occurrence of ipsilateral 
movements in man is, on the other hand, rare. Bucy and Fulton (1933) in 
their study of the ipsilateral responses obtained from the monkey's cortex 
refer to a few such instances. Other neurosurgeons with a large experience 
have not observed ipsilateral movements. It is possible that being unusual 
they may have been mistaken for voluntary movements of a restless pa- 
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tient. Specific observation has apparently not been directed to the ipsi- 
lateral extremities and. since they are not of such a dramatic nature as are 
the contralateral movements, they may be overlooked. 

Although there is a bilateral cortical representation of certain raidline 
structures such as the tongue, the movements produced by electrical stimu- 
lation are almost always contralateral. V\Tiile the trunk and neck evidence 
no detectable paralysis after a unilateral cortical lesion, stimulation often 
produces movement on the contralateral half. Other foci, for example those 
of the larynx and palate, respond to stimuli of lowest intensity only with 
bilateral movement. 

Sequence of Motor Representation on Precentral Cortex 
(Modified from Penfield and Boldrcy, 1937) 

Toe' 'I 

AnUe j. Medial Siwfnce of Hemisphere 

Knee j 

Dornoinedtal l/arjjn of Hentupkere 

\ H'i* 1 

Back 

1 SUouWer 

I Elbon 

1 = 1 Hand 
^ I Litrle Fiazer 
I 1 Rmg Finger 

.£ 1 Middle Finger • Lntcrflf Sur/acc of Hemitphere 
I 5 Thumb 
I ~ 1 Brou E>e 
i 5 Eselid Mo\ements 
I c Vocali 2 .ition 
' I Lips 

1 Tonstue 
1 I Swallow 

Fissure of Sylrtiis 

The sequence of motor representatioji on the precentral gyrus is con- 
stant from patient to patient as sliown on the accompanying diagram; 
that IS. if movement of the thumb is obtained, it is from a point closer to 
the fissure of Sylvius than a point giving rise to movement of the index or 
the little finger, and so on. On the other hand, the point giving rise to 
thumb movements may be situated much further from the fissure of Syl- 
vius in one individual than in another; so that if the responses from a large 
group of patients are plotted on one cortical map. there is spread of the 
responses over a wide area as shown in fig. 114. The variable location in 
different patients of this motor sequence keyboard in respect to the fissure 
of Syh-ius and the interhemispheral fissure is nowhere so striking as in the 
leg and foot areas. Arm responses may be obtained up to the longitudinal 
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fissure, but stimulation of the upper portion of the precentral gyius tc- 
sulted in leg movements in twenty-three instances (Penfielcl and Boldrey, 
1937). Two leg responses were obtained from the medial surface of the 
hemisphere. Due to the inherent surgical difficulties of approaching this 
latter region, the number of observations has been small. Scarff (1940) 
obtained no responses in the lower extremities on stimulation of the lateral 
surface of the hemisphere in fourteen patients. In one patient he did pro- 
duce leg movements from stimulation of the medial surface of the liemi- 
sphere. On the basis of these cases and the negative evidence of his excel- 
lent review of the literature, he contends that leg centers are lepresented 
only on the mesial surface of the hemisphere and arm representation ex- 
tends to the superior mesial border of the hemisphere. 

There can be little doubt that the paracentral lobule “contains the foci 
of the foot, of the toes, of the bladder, and of the rectum’’ (Foerster, 193Gc, 
p 137); but, as amply demonstrated in Penfield’s results, there is also 
representation of leg areas on the upper part of the precentral and post- 
central gyri. This is but an illustration of the overlapping of foci. No focus 
ig exclusive for any one part of the bo<Iy but rather represents, to a lesser 
extent it is true, many adjacent portions. According to Hughlings Jackson’s 



fir 114— Outline of .areas Rnin^ motor naci Mia'Or} n-'r'on.M (from Priifii M ami 
Bol<lrr\. 1037) Tlie area from nhieli rc-pon'ta of the I»k were obi iinod <\li ncl< o\cr 

into llie lonjimulmil fi-.-urc iii'On the nicdiO «iirfacp of tin liiKH'plHrc 
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doctrine a single part of the body, say the big toe. is represented prepon- 
derantly m one part of the cortex; but it is represented on other parts of 
the pie- and postcentral gyri as well Maps of the human cortex have some 
of the failings of maps of the world, resulting from the inherent difficulty 
of projecting curved planes onto flat surfaces. Even more formidable is the 
task of representing the overlapping and interrelated functions of the 
motor cortex on a single conventional motor map. The extent of overlap 
is no doubt reflected to a certain extent in the wide areas from which the 
same part gives responses as shown in fig 114. 

The relatively large extent of the finger areas on the precentral gyrus 
IS striking. In contrast to the toes which rately if ever nio\e singly, each 
finger has its special localization Penficld and Boldrey (1937) found that 
finger movements were among the best localized responses The responsive 
points e.xtended cm. along the length of the central sulcus, while very 
few were found moie than 1 cm distant fiom it We have here an illus- 
tration of the fact, pointed out very long ago by Hughhngs Jackson, that 
representation in the motor cortex depends not upon the size of the muscles 
of a part of the body but rather on the number and intricacy of their 
movements 

\’ocnIization as a response to stimulation of the precentral gjTUS was 
first obtained by Penfield. and in 1938 he reported six cases m which this 
had been produced. It was observed equally frequently m the dominant 
and in the nondominant hemisphere and was localized in n restricted por- 
tion of tlie precentral gyrus between the areas for eyelid movements above 
and for mouth movements below. This vocalization did not resemble the 
grunts previously reported by Foerster and others. Rather, there was a 
loud, continuing cry with nothing to suggest the formation of words. It 
has been pointed out that this vocalization bears no more resemblance to 
speech than a twitching of the finger, induced by stimulation or a seizure, 
does to skffied pwTposeixd movemewls oS tbe bawd. 

Conjugate deviation of the e 3 'es to the contralateral side occurs fol- 
lowing stimulation of an area roughly corresponding to area 8. Upward 
deviation of the ej-es has also been frequently seen in contrast to the rarity 
or absence of dowmward deviation Adversne moxements of the head and 
eyes together were found by Penfield in the general area of face represen- 
tation on the precential gj’rus. Using minimal intensity of stimulation, he 
obtained no such movements from area Ca/3 (of the \’^ogts) as were de- 
scribed by Foerster. It seems probable that such mass movements are 
brought into play only by an epileptiform discharge induced by a greater 
intensity of stimulating current. 
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No reference is made here to autonomic responses, which are reviewed 
in Chapter XI. 

Secondary facilitation has been demonstrated in the human motor 
cortex similar to that which has long been known in animals. 

The type of movement resulting from stimulation of the human corte.x 
has perhaps not received as much attention or careful analysis as it de- 
serves. The primary interest has been in localization of the various parts 
of the body in the cortex. Simple twitches of an isolated muscle are ob- 
served, but the response may be the fragment of a complex movement in- 
volving several groups. It has been said that movements rather than mus- 
cular units are represented in the precentral cortex. However, the responses 
elicited by our electrodes are only fragments of movements which have not 
been organized into functional units. They are more closely related to the 
uncontrolled useless contractions of the epileptiform seizure than they are 
to the normal purposeful voluntary movements. 

In conclusion we can only admit that there remain many problems 
concerning electrical stimulation of the cortex yet to bo solved. Pure locali- 
zation studies of somatic motor movements have no doubt been earned to 
their greatest limits of accuracy with the methods of stimulation at present 
available. Study of other types of response with new and better tools may 
reveal the organization of this area in man with greater clarity. Since the 
opportunities for pursuing these investigations are limited by clinical con- 
ditions, it is especially important that the neurosurgeon be thoroughly 
cognizant of the results of animal experimentation which light the way 
for those problems w’hich can be solved only in man. 
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EXTIRPATION IN MAN 


M uch of our knowledge of the functional activity of 
the human precentral motor cortex has been accumulated by 
inference from ammal e\peim\entation and from human cases 
in which the pi ejection fibers from this region have been destroyed in the 
internal capsule or elsewhere. Although much has been learned by means 
of electrical stimulation, as in the excellent observations made by Foerster 
(1936). Pcnfield and Bohlrcy 11937). and otheis. this method has serious 
limitations, and the results obtained from apes and otlier animals can not 
be applied in their entirety to man Subcortical lesions though they may 
destroy the projection fibers from the precentral motor area also destroy 
other fibers and often other cellular areas, thus making them unacceptable 
as conclusive evidence regarding the actiMties of this region. Electrical 
stimulation can be regarded only as a tery poor substitute for normal 
physiological activity. For instance as Petifield and Erickson (1941) have 
noted. “The type of movement that suffers most as the result of a [pre- 
central! convolutional iujur>' [i e.. delicate or skilled iuo\cments] is nes-er 
reproduced by artificial stimulation 


REVIEW OF PREVIOUS REPORTS 

Obviously a study of the effects of extirpation of the precentral motor 
cortex from individuals with no pre-cxistmg disease would greatly en- 
hance our knowledge, as it has in aininals But. naturally, no such studies 
have been or are likely to be made. Obsenations of the effects of such e.x- 
tirpations upon human beings with disease but with little or no paralysis, 
spasticity, or reflex changes of the contralateral e.xtremitics would supple- 
ment our knowledge considerably, but even these are almost non-existent. 
Penfield (1940) writes that except for the right “face" area— and. I gather 
from his book with Erickson (1941), small parts of the leg area— he has 
never removed any part of the precentral gyrus untler such circumstances. 
The onl}' detailed report of this type which I have been able to find is that 
of Horsley (1909). This valuable observation has been too long ignored, 
and I shall present it here m some detail. 


Horsley (1909) 

Hn w.i- a \rell-de\ eloped bov 14 ^•eiTs of 
ace, who hul Miffered from atheloid move- 
nient-. of the lelt upper eNtremit' for se^en 
^eJ^. Wheu the limb quiet, hi- purpcK 
“HP or \ oliint.irj' nio^ements were nomul 


and jMjnerfui The reflexe', superficial and 
deep, were e'erj'arhere normal and all forms 
of Ken-Uion were mt.ict 

On March 20 lOOS, the right central re- 
gion wi** etpO'ed The cortex na« stimulated 
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electrically and motor responses in the left 
upper extremity uere elicited only by stim- 
ulation of the precentral gyrus These 
movements were of the face, thumb, lingers, 
wrist, elbow, and shoulder. The precentral 
gyrua was then removed by subpial dis- 
section 

The inioluntary moiements weie abol- 
ished by this opeiation and were still absent 
one yeai later 

Sense of position in the left upper ex- 
tremity was completely lost for two weeks 
after the operation and then began to re- 
tiiin but neiei was recovered completely 
The perception of light toucli and pin-prick 
weie at first impaired hut later lecovered 
almost completely The appreciation of dif- 
ferences m temperature was diminislied 
peripherally at first but later recovered and 
was leplaced by a slight hyperesthesia. The 
recognition of the form of objects was 
markedly impnned and continued «o foi 
over a jear 

The left iippei extremity was flaccid and 


perfectly motionless for 14 days after the 
operation On the 14th day slow invol- 
untary movement of the left forearm, wrist, 
and fingers was observed in association 
with forceful voluntary grasping move- 
ments of the right hand At the end of the 
third week after the operation, vohintaiv 
movement returned to the shouklei , lifer, 
flexion and extension of (he elbow and 
flexion of the wrist leturned Kven liter 
movement retmned to the thumb and 
fingers and about 13 months after the 
operation he could slowlj ilex and extend 
the thumb Ability to extend the fingeis 
was piesent in rapidly diminishing degree 
fiom the index to the ring finger and the 
little finger could not bo extended at all 
The fingers could bo flexed, but o\ alu ition 
of the amount of voluntary flexion was 
complicated by the flexor hvpcrtonu He 
was able to use (he extremity ns a help m 
dicssing but found tint it was not U'efnl 
in the peifoinnnco of "two-!nnded work” 


From his observations Horsley concluded that the precentral gyrus per- 
formed both sensory and motor functions, that the giant pyramidal or Bet/ 
cells are not essential for the performance of purposive or voluntary move- 
ments and that such movements can be performed after complete removal 
of the corresponding part of the precentral gyrus. 


Sachs (1935) 


A series of similar operations, 
gyrus were removed, was reported ii 

In C.ne 1 the nrni wnx fliccid ond are- 
flpMC immediately after extirpation of the 
“ irm centre.” In Ca-e 2 icmoval of the 
■‘irm” area resulted in only temporarj' 
moderate weakne-s of the hand In C-vsc 7 
removal of the ‘‘arm centre” rcKiiltei! in a 
complete «pistic paraljMs of tlie oim, foro- 
arm. and hand In C.i^e 8 the extent of ilie 
extirpition i< not stated Imraedialely fol- 
lowing (he operition the arm and leg were 


in which segments of the precentral 
i considerable detail by Saclis (1935) ; 

completely paralyzed One yeir liter he 
wved Ixu hand pctfectly bwt it w xv ''dumb ” 
Case 10 — no statenunt as to area re- 
moved— -preaxiinably ''arm centre" Com- 
plete lo«3 of movement of arm; reflexes 
normal; no flaccidity Rceovtr.v begin after 
21 cLijs but never bcc.imt complete I'nr 
various reasons c.<^ea 3, 4, 5, 0 0, ati<l 11 
aie not suitable for eliniilation of tlii< 
matter 


Walshe (1935) 

Walshe reported a case in which removal of the “leg” area of the right 
precentral gyrus was followed by a spastic paraly-sis of tlie left lower cv- 
tremity. He interpreted this as proving that destruction of the precentral 
gyrus or the area gigantopyramidalis alone results in a spa«tio paralysis. 
Without denying tlic possibility that this may be true, it should be iioinled 
out that neither this nor any' other case yet ax’ailablo clearly establisiics 
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the nature of the paralysis ivhich follows the isolated destruction of area 4 
in man. In this case cited by Walshe. Mr, Taylor made his extirpation with 
a “diathermic knife.’’ It is well known that the high frequency electrical 
surgical instruments damage tissue for some distance on both sides of the 
incision. With such an instrument the damage can not be confined to the 
block of cortex which was extirpated. That this is true in this case is clearly 
shown by the fact that although the extirpation was presumably limited 
to part of the representation of the lower extremity in the precentral gjTus, 
there was a definite paresis of both the upper extremity and the face 
following the operation. 

Foerster (1936) 

Foerster (193Gb, pp. 144-199) discusses m great detail the results of 
excision of the various parts of the precentral gyrus. Unfortunately details 
of individual cases are completely lacking and we are not informed about 
the condition of the patients prior to operation, the condition of their 
brains, nor the extent of the operations The results are presented as a sum- 
mary of his entire experience. He states that the immediate result of such 
an extirpation is a complete flaccid paralysis and areflexia. The Babiiiski 
response appears w ithin 5 to 10 hours and the knee and ankle jerks in 2 or 
3 days. The tendon reflexes in the arms remain absent longer, at times for 
14 days. After about 15 <Iays. the flaccidity gradually gives way to spas- 
ticity. The complete paralysis lasts for 10 to 14 days in the leg and some- 
what longer for the upper extremity. Functioning ability then returns 
though with impaired voluntary power. The isolated movements to a large 
extent remain abolished, and the movements consist primarily of “syn- 
ergies.’’ In the “flexor synerg}'"’ simultaneous flexion and abduction of the 
thigh, flexion of the knee, dorsi-flexion and supination of the foot, and 
dorsi-flexion of the toes occur. Thus, if the patient attempts dorsi-flexion 
of the foot, flexion of the knee and hip also occur, or if he flexes the knee, 
the related movements occur at the hip. ankle, and toes. “The components 
of each synergy are inseparable,’’ and individual components of a synergy 
can not be produced alone. A component of one synergy is never combined 
with that of another. Fine movements of the fingers are lost as well as 
isolated movement of individual fingers. 

The muscles of the lower extremity are more extensively represented in 
the ipsilateral cortex than are those of the upper extremity. Foerster is 
unable to agree with Kleist (1934) and with Penfield and Boldrey (1037) 
that the only muscles which are represented in both cerebral hemispheres 
are those in which voluntarj' bilateral symmetrical activity occurs, such as 
those of the trunk, neck, eyes, upper face, throat, larynx, diaphragm, 
bladtlcr, and rectum (Foerster, 1936b, p. 242). After removal of the trunk 
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area the abdominal and cremasteric reflexes are initially abolished but re- 
turn after 7 to 10 days though they remain weaker than on the healthy 
side. In two cases of bilateral cortical paralysis of the lower extremities the 
abdominal reflexes disappeared and remained absent. 

Foerster observed that after excision of the precentral gyrus there was 
a considerable sensory loss but this soon disappeared and w^as not per- 
sistent in any case. 

Putnam (1940) 

Putnam (1940) reported tivo cases. In Case 1 there was an alternating 
tremor at rest but no weakness, rigidity, or abnormality of reflexes. The 
“arm” area of the precentral gyrus ivas removed There was a flaccid pa- 
ralysis of the arm, without sensory changes, which gradually improved. 
Four months after the operation there was little weakness but marked 
awkwardness. In Case 2 there was niarketl tremor. The grasp was power- 
ful and there seems to have been little weakness or abnormality of reflexes. 
A narrow strip of cortex, 2 cm. long. 0.4 cm. wide and 00 cm deep, was 
removed from the posterior part of the precentral gyrus in the arm area. 
Voluntary movements began to return to the arm after four days, and at 
the end of three weeks she could feebly make a fist. Six weeks after the 
operation she could raise her hand above her head and “use it for many 
purposes” There w’as a definite “lead pipe” rigidity in the fingers, wrist, 
and elbow’. 


CLINICAL OBSERVATIONS 

Portions of the precentral motor cortex have been removed from n num- 
ber of individuals (Bucy, 1940). In the majority of instances, however, 
the contralateral extremities were already involved by a considerable 
spastic paresis. In only four cases were voluntary control, strength, reflexes, 
and sensation nearly normal, thus making them suitable for analysis of the 
effect of extirpation of part of the precentral motor cortex. E\en in tho'ie 
cases the extremities concerned were not normal, as in every instance they 
were so involved by in\olimtary movements as to render them almost use- 
less and to cause the patients to seek relief by surgical means. 

In no instance was the entire precentral motor cortex removed from 
one hemisphere. In one case a large part of the “leg” area was romovetl, 
in two the “arm” area was extirpated, and in one the “arm and leg” areas 
were removed, 

CASE 1 

\I r 1’ (223001). a finiilr. twenty .tlnoo » i- jUmiMoil lo tlm Unntr-it\ nf Cliu iifo 

\i IT' of u’o « !■' roforrnd to luf In Ilr C’hnK» <m Jiilv 10. lOV' viilTi nnir froni ron- 

Han' H Itcc-o of M idi'Oi) Wi'ton-in She aiiNne 
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She was born on Se{>tcmbpr 17, 1915. fol- 
lowing .1 long and difficult labor Howe\er 
she appealed well until the age of eighteen 
months when she had siv generalized con- 
Milsions When ten jeais old «he began to 
suffer from conMilsions which inrolvwl onl\ 
the right leg and oecrirrcd at night whrlc 
she was asleep In 1934, at the age of nine- 
teen >ears, the attacks iniohed the entire 
right side and in 1939 the uttack-s which 
alwais began with flexion of the right knee 
occurred in the da 3 tinie as well as at night 
All of the usiuil anticoni 111' int remedies 
tried o\cr man 3 tears brought no improie- 
ment. 

She was well-dc\clopcd, alert intelligent, 
and cooperatnc The general phisical ex- 
amination was negitiie Xeiirological exam- 
ination was negitiie except that rapidh 
alternating nioicments weir less vxcll iier- 
formed with the light lund and she wa' 
unable to hop on the right foot alone 

Roentgenogram' of the skull retoaird no 
ftbnorninlitj’ and pncunioenccixh dogranis 
demonstrated a Boimil \entriculai si-tem. 
but there was somcwhit more tlim tlie 
Usual amount of gis in the sub.trachnoi<lal 


spaces oxer both p metal lobes Urinal 3 Sis, 
blood counts. Was-ermann and Kahn tests 
on the blood, and examination of the spinal 
fluid all gftxe noimal finding' 

Electroencoplulograms were made on two 
occasions bv Dr T J Case TJie> appeared 
normil except for the occurrence of small 
«pikr-like waxes obtained from leads 
placed in the superior part of the left 
posterior fiontal region None of the waxe 
patterns common to xictinis of idiopathic 
epilepsy was seen 

Operation 

On Julx 13. 1939. under tnbromethanol in 
anixUne hxdrale (90 mgm per kg of bod3 
weight) later suiiplcmented b 3 - additional 
ax erf in (20 mgm per kg) and a small 
qumtitx of ether, the central region of the 
left cerebral hemispheie up to the intcr- 
liemi'pheric fis-ure was exposed The cortex 
.ipi*carc<l noimal except that the sulci in 
tlie anterior part of the precentral region 
wpic wider than normal and filled with 
fluid which communicated frcGl 3 with the 
leiu under of the siibiTachnoid space There 



Fig 115 (C.ase 1).— Clear .area indicates the field expooed at operation. The leins arc 
shown b.v heaxx' black lines Electric.al stimulation re'Ultcd in flexion of the right thigh at the 
hip froni the region m irked I, no re'ponNO from and moxeincnt of the right upper cxlremity 
from d and 4 The square area cnclo-<d bj dotted lines and including area 1 w.is extirpated 
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were numerous large reins passing to the 
superior longitudinal sinus «hich cros'ed 
the uppermost part of the precentral gyrus, 
completely covering this region except for 
a small area about 4 mm square (fig 115) 
With a sixty-cjele sinusoidal current of 
an intensity of seven volts, the exposed 
cortex was stimulated, only the precentral 
gyrus was excitable, and all movements 
which were produced were m the (contra- 
lateral) right extremities Movements of 
the fingers, forearm, and upper arm were 
elicited Medial to the area from which 
these were produced was an inexcitable 
area It is noteworthy that though move- 
ments of the abdominal wall were looked 
for none were observ’ed. Above this inex- 
citable area, the veins noted above inter- 
fered with adequate electrical exploration 
of the most medial part of the precenlr.it 
gyrus Stimulation of the small area of 
cortex on the lateral surface of the hemi- 
sphere in this region, which was vi«ibtc 
between the veins, evoked flexion of the 
thigh at the hip but no other movement 
m the lower extremitj could be produced 
The uppermost part of the precentral 
gyrus, including part of the paiaccnlrat 
lobule was removed piecemeal from be- 
neath the cortical v eins, leav mg (hem intact 

Post-Operative Course 
She made a rapid and uneventful re- 
covery from the operation and was dis- 
charged to her home on the eighth post- 
operative day, July 22, 1939 To date, 
approximately four years later, she has 
continued with her anticonvulsant medi- 
cation and ha« had no convuUsve seizures 
of any kind She has recently been married 
On the day of operation, a slight right 
facial weakness was noted, bvit it practi- 
cally disappeared later that dav and was 
barely perceptible when she was di«ch3rge<l 
eight days later There was never any other 
abnormality in the domain of the cranial 

At no time was there any more than 
the slightest weakness in the right upper 
extremity On August 15, 1939, thirty-three 
divs after the operation, she wrote that 
her writing, with the right hand, was not ns 
good as before the operation, and on rom- 
I'lring simples of her writing, it was obvi- 
ous tint it was slightlv coarser than before 
but not otherwi-o difTorent On August 30 
the fortv-eighth po-t -operative dav, her 
fjiiiilv phv'ieiin. Dr V. E Eistmin of 
Maiisui \\i-eon'in. wrote tint the strength 


in her right arm was 85 percent of norma! 
Since then the arm has seemed entirely 
normal to her Throughout her eight-day 
stay in the hospital after the operation, the 
tendon reflexes were more active in the 
right arm than in the left On the second 
post-operative day, there was a definite 
mcrease m resistance to passive movements 
of the right upper extremity, but this w is 
not again observ ed 

On the first post-operatnc day’, volun- 
tary’ movements at the right hip and knee 
were relatively strong, but she was unable 
to move the foot or toes This was still the 
rase on the fourth post-operative diy On 
the fifth she walked, limping on the right 
foot On the eighth post-operatne day, 
there was moderate weakness of niove- 
iiieots of the right hip and knee, as com- 
pared to the left. She was able to mike 
all movements of the foot at the ankle, 
though they were moderately weak, dorsi- 
flexion and eversion being weaker than 
pUntar extension and inversion The toes 
could be flexed and extended and their 
strength was estimated at 60 to 70 percent 
of that of the left. On the thirty-third 
po-t-operative day, she wrote stating that 
Che right foot did not always do what she 
wanted it to but that no one could detect 
any lameness when she walked On the 
forty-eighth day, Dr. Eastmin e*tmnted 
the strength in the right leg at 85 percent 
of normal She was able to walk eight oi 
ten blocks with only moderate fatigue On 
the sixty-first post-operative dav'. she re- 
turned to her clerical work On Augu-t 20, 
1910, thirteen months po-t-operativc, she 
wrote, “There is a slight weakness of the 
right leg only but so slight thit it i- not 
at all noticeable and cau-r* me no trouble 
I skated Ia«t winter (1939-I')tO). hiked, and 
danced this summer — in fact evcrvthing I 
had been used to doing’’ On Mav'20. 1911, 
about twenty -two months after the oiverv- 
Uon^ she wrote, “I have complete control 
of my' right foot and leg at nil times When 
I (ire they seem to be the most tired, but I 
do everything tint any other per-'on doe^ 

I walk without a sii-picion of a limp nnd 
I walk a good deal Wo skated quite n lot 
IsH winter, and we dance quite .i bit I do 
all the«e things with perfect friedom" 

On the first po^t-operalive diy, the 
tendon reflexes were more atfive in the 
nght lower extremity than in the left .vn'l 
temnined «o throughout the remnning divs 
in the hospital Plantar slimulition evoked 
fanning of the little toe on the right fool 
ni»l dop-iflexion ('‘cxlon“ion”) of the big 
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foe BabiDski s sign still prC'ent when 
‘■he ^as (h'charged 

The abdominal reflexes were apparentlj 
not examined imtil the eighth po'-t-opera- 
tiie day, when they were all present, actne 
ind equal Sen'ation, light touch, pin- 


pncL, xibration, and position sense were all 
intact on the eighth daj’ but were appar- 
ently not examined earlier 

At no time were any alterations in 
cutaneous temperature or in the cutaneous 
X oscular bed noted 


Comment on Case 1 

In this case, as in almost all others in my experience, stimulation of the 
most superior part of the precentral g\Tus on the lateral surface of the 
hemisphere elicited movement in the lower extremity only at the most 
proximal joint, the hip Thus, my observations would in the main support 
Scarff*s ( 1940) contention that the greater part of the lower extremity is 
represented elsewhere, presumably in the paracentral lobule on the medial 
surface of the hemisphere However, such a contention can not be too 
readily accepted. First, there is little positne evidence in its support; 
movements of the knee ankle, and toes have rarely been produced by 
stimulation of the medial surface In my cases at least, stimulation has 
been carried out under ether anaesthesia, not the ideal circumstances for 
examining the electrical excitability of the cortex. Most important of all. 
the upper part of the piecentral g>Tus is covered by a tangle of veins 
making complete exploration of this region impossible. If the \ems are 
destroyed removed, or displaced, so as to expose this area adequately the 
excitability of the cortex is so distributed as to render negative observa- 
tions of even less value than usual. 

In Case 1 it can not be supposed that the entire “leg" area of the pre- 
central motor cortex (areas 4 and 6) was removed As it was removed 
piecemeal, an accurate delimitation by microscopical examination, of the 
area destroyed nas impossible It appears that the extirpation included 
most of area 4y of the “leg" area on both the lateral and medial surfaces 
It IS unlikely that much, if any. of area 6 was destroyed. Nevertheless, the 
partial and verj- temporary nature of (he paralysis which de\ eloped in the 
contralateral lower extremity is in striking contrast to the paralysis that 
develops m the upper extremity following removal of the “arm" area. 
Although what the nature of the paralj'sis in the upper extremity would be 
after removal of only area 4y from the “arm" area has never been tested 
except in Putnam’s (1940) Case 2 (p 35S). 


CASE 2 


E S (226S50), a joung man. twcutj -one 
xears of age. wa« referred to me b\ Dr 
P H Hannon of Spnngficld. Illinois He 
W.I.. admitted to the I'mter'ity of Chicago 
Clmio on two occa-ion'. from 27th 


to .^usnist 30th, 1939, and from December 
4 1939. to Januirj 19. 1940 
He was seterelj injured in an automo- 
bile accident on October IS, 1935. and 
short!} there ifter dea eloped set ere jerking 
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involuntary mo\ ements m the left arm 
He was unable to perform fine movements 
with the left hand but could pick up 
objects and do heavy work 

Physical Examination 

The general physical examination was 
negative He was a well-developed mus- 
cular roan The left palpebtil fissure was 
slightly wider than the right, but this was 
the onl> e\ idence of anj facial weakness 
He was unable to shrug the left shoulder 
as well as the right There was a mild 
weakness of all movement in the left upper 
extremity and an ev en slighter weakness of 
the left lowei extremity. Tendon reflexes 
could not be accurately examined in the 
left upper extremity because of the invol- 
iintaiy movements but tbej were not 
giossly exaggerated Hoffmann’s sign could 
not be elicited The abdominal reflexes 
could all be obtained, but they weic slightly 
less actvvo on the left skU The knee and 
ankle jerks were present and equal bilater- 
ally Babinski's sign was not present. 

Sensation was everywhere intact but over 
the entire left half of the bodj pin-prirk 
and cotton produced an unpleasant tingling 
sensation 

Except for a very rare mvoluntarv move- 
ment in the left leg all abnormal move- 


ments were confined to tlie left upper 
extremity. The entire extremity was in- 
volved and no part more severely than 
another The movements were vaiiable. 
They did not follow any con-tant sequence 
and involved various parts of the ex- 
tremity' at random Each induiduil mo'c- 
ment was quick and jerky, sudden m on'et 
and short in duration However, they fol- 
lowed each other in such rapid «ucces'ion 
that the extremity was constantly m a state 
of violent activity The condition was 
classified as hemiballismus or chorco- 
atheto^is 

The usual laboratory' examinations on 
urine, blood, and spina! fluid vverc all 
negative A pneumoencephalograni was 
made The right literal ventricle was a 
little larger thin (he left and it« floor w is 
depresyrd indicating an atrophy of the 
ganglionic structure* in that region 

Operation 

On December 9, 1039, under light ether 
anicsthcsia an osteoplastic flap was re- 
flected, exposing the central area of the 
light cerebral hcmisjilicrc uji to the intrr- 
hemi»pheric fissure The mcningo* and 
cerebral cortex appcareil to bo normil The 
entire expos'd cortex was etmvuUted with 
.in alternating 60 lyilo simi'ouial current of 



Fig 116 (Ca“c 2) — Dngr.immitic sketch of the field expo-ed at operition, minimnzmg 
the rc'ults of electric d stimulation and indiciting, within the dotti d line, the an i < xtirp iti il 
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five or SIX volts A bipolir electrode 
lued. Respon'C!- were elicited onb in 
the left upper extremity and left side ol the 
face Thej were obtained onh from the 
posterior part of one p.vTiij which wa-« ac* 
cordioglv juiisred to be the precentral 
There were two s-epamte excitable aiea:> 
separated by an inexcit iblc area From the 
lower and smaller area movements could 
be produced in the lott «irfe of the face, 
particularly about the mouth From the 
more supenorlv pi iced field we obt lined 
movements of the left upper extrenntv in 
the shoulder, elbow vvri't and finger^ The 
uppermost part of thi' gVTus was inexcit- 
able However, a' a small area of eortied 
I'chemiv had been produced in this ire.i 
when coagulating a ves'^el in the overhing 
dura mater, thi- mexcitabilitx i' not neces- 
sarily significant 

That portion of the precentral gviu- from 
vrhich movements in the lett upper ex- 
tremity veere elicited the upjvcr half of the 
inexcitable field Iviag between the finger' 
area and the ' face' area and the po-terior 
jvarts of the neighboring frontal g\n were 
excised (fig 116) Postcnorlv the exci-ion 
included sll of the anterior wall of the 
rolandic fis>urc The extirpation was onlv 
sufficientl.v deep to in'tire the removal of 
all cortex and included the immediitelv 
'iibjacent vrhite muter Smill amounts ol 
cortex l>ing at the bottoms of snlei were 
removed bj auction The oavitj left b> 
this extirpation was deepe-t poetenorlv 
where it tnea-ured 2 cm On tlic atufvce ot 
the brain it measured 4 cm alone the 
rohndtc fi-sure, 3 cm antero-t*ostenorl.v 
parallel to the interhemi-phenc fi-sure. 2 
cm along the infenor m.argin and 2 7 cm 
along the anterior margin 

Microscopic Examination 

Simple sections oriented antero-iKrfcn- 
orly were cut from the block at about c'erv 
6 to 7 mm The posterior p.art of the block 
had been removed bj subpiil di'scclion and 
therefore severely traumatized, lunrh of 
vt being lost It i«. therefore not surpn— 
mg that no Betz cells are seen in anv of 
these section* The cortical tissue con- 
tamed in the-e section- is tv-pical of the 
precentral .agranuhr cortex without Betz 
cells, ij; , are.a* 4a. 4-, and 6 It is essen- 
tially normal ra appearance except thst m 
*ome area- the number of i>xTamidal cells 
in liyer III appear- to be reduced There 
IS no ev idence of mflamiiiation The 
leptomeninx i* normal 


Post-Operative Course 

The involuntarv movements were com- 
pletely ahoh'hed inimediatelx after the 
operation Thev were still ab-ent when he 
was discharged from the hospital on Janu- 
arv 19. 1940 forty-one di>s after the opera- 
tion Shortiv thereafter some slight involim- 
tiry movements returned to the left fingers 
IMien seen on October 12 and 14, 1940. ten 
months after the operation the involuntary 
movements were absent 93 percent of the 
time Thej were praetic.ally limited to the 
left hand and fingers Thev* appeared only 
when some one vv.as watching him, when he 
w »- excited, or when he was attempting fine 
discrete moveiwents with the left hand In 
a'«ociitioa wath voluntarv movements the 
predominant involuntarv movement was an 
.tction tremor 

On the tourth po-t-opcrativc day, he de- 
veloped dome conv ul-ive movements of the 
lett side of the face in the morning He wa- 
<lro«>v and uncooperative At 6 30 pan, 
-iinilar eonvul-ivr movements occurred At 
8 00 pjn he had a -imilir attack but with 
los* of lOQ-ciou-ne®- salivation, unnarj in- 
continence and tonic followed by clonic 
mii-euhr contractions of the left leg At 
one time ami for n few minutes only, there 
wj- tonic contraefion of the entire left 
upper extreiiiitv The entire attack la-ted 
one and one-half Lours and ceased follow- 
ing the subcutaneou.' administration of 120 
mgm of sOdium phenobirbital and the 
m iking of .V lumbar puncture Subsequently 
he wa- quite alert but temporarilj unable to 
move hi« left leg Babm-ki’s sign was 
-trongly positive on the left There were 
no further conxul-iM: seizure- At no time 
was there anj apha-u or emotional dis- 
turfavnee Xo di-tiirb.ance of the move- 
ments of the pj es wa* ev er noted 

Facial Weakness 

Oa the fir-t pa-t-operative dax the 
tongue protruded to the left and there vva* 
a slight we.ikne-s of the lower p.trt of the 
left *ide of the face Sub-equentlv move- 
ment* of the tongue seem to have been 
normal but the left lower facial weakness 
per-i'ted for some time, though bj October 
12. 1940. ten month- after the operation it 
had become so slight a* to be hardly 
perceptible 

Left Upper Extremity 

Paralysis — Immediitelv after the opera- 
tion the left upper eTtrcroitv was com- 
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pletely paialyzed E\cept for the single 
tonic contraction, it did not ei en take part 
m the left-sided conMil'ions iihich occurred 
on the fourth post-operatn e day No ^ol- 
iintary mo% ements occurred in this extrem- 
ity until the sixteenth post-operatne day, 
when he was able to flex slightly the left 
thumb and little finger The follonii^ day 
he was able to flex all of the fingers and 
to abduct and adduct the thumb slightly 
On the nineteenth post-operatne day he 
could flex and extend both the elbow and 
wrist On the twentj -first, he could raise his 
body while Ijing prone by extending both 
arms On the twenty-second, he could ab- 
duct the arm at the shoulder and could 
flex and extend his fingeis in unison but 
not mdnidually On the twentj -third post- 
operatne day he could raise his left hand 
abo'e his head All moi ements were gradu- 
ally increasing in strength and facility Bj 
the forty-first post-oporatne day, practi- 
cally all movements could bo peiformed 
with tho left upper extremity, although 
they were slower and more awkward than 
similar movements on the right Strength 
of all movements was reduced This was 
particularly true of extension of the elbow, 
flexion of the wrist, and extension of the 
fingers Except for occasional indeiiendcnt 
extension of the index finger he could not 
move anj finger independently of the 
others Rapid alternating movements wctc 
not possible On the sixty-second po-t-op- 
crative da>, strength had improved and 
some independent mov ements of the thumb 
cind fingers wcic possible Ten inonth» after 
tho operation movements at the shoulder 
were almost tho equal of those on the right, 
except that he could not raise his left arm 
above his head quite as npidJj or i? high 
as ho could the right Flexion and exten- 
sion of the elbow were free ind powerful 
Pronation and supination of tho wri't were 
as extensile as, though a little slower thin, 
on the right Flexion and extension of tho 
wrist were weak and onij about 50 iioioent 
as extensile a» on tho right «ide Move- 
ments of the fingers weie much more difli- 
cult and slower thin on tho nghl Ho 
could abduct and adduct the thumb, flex 
and extend the terminal plnlanx of tho 
thumb He could oppo-c the tiiumb toward 
tho little finger but could not moie the 
little finger into oppo-ition He cold flc\ 
and extend ill of the fingers but could 
mov e onlv the index finger indcivondont of 
•ill others Ho could abdiut the fingers well 
but adduction iva« I’oor All fine di-croto 


movements were pooily done However, 
the strength of his grasp was good Using 
both hands, he was able to pick, up a luge 
barrel weighing one himdied pounds and 
set it on a chair When walking, the left 
arm hut^ limply at his side and did not 
swii% as much ns the right one did 

Resistance to Passive Movement— Thia 
extremity W'as completely flaccid immedi- 
ately after the operation and continued so 
until the sixteenth post-operatne day, 
when slight resistance to passive movement 
appeared It never became much, if any, 
more marked On the forty-first post-op- 
erative day and agiin fen months aftci the 
operation, Iheie was no detectable increa'-e 
in the icsistancc to pissn c ni mipul ition of 
this extremity 

Tendon Reflexes — During the fii^t fhiu 
diy after the operation, no tendon leflexes 
could be elicited in the left atm On the 
fourth post-operative chy, a faint biceps 
jerk was obtained, but it was not alwa>s 
elicitiible tlicreiftcr On tho tenth post- 
operative dav, Hoffmann's sign bctime 
positive On tho fourteenth no reflexes 
tould be obtained, but by tho ninofoenth 
post-opcriUve day all tendon reflexes, 
biceps, triceps, and radnl jciks, were 
slightly hyperactive This slight to mod- 
erate hyperactivity of (he tendon reflexes, 
including tho finger-jerk and lIoffniann'H 
sign on the left side persisted when lie w is 
h't seen ten months after the operation 

Reflex foiccd gra'pmg wiia not noted at 
any time 

Left Lower Extremity 

Paralysis — He was able to move the lift 
lower extremity freely and powerfully on 
the dav of the operation and there ifter 
until the sovcie convubivc seieure at 8 00 
pm on the foiiilh po^t-opentive di\ 
Suboequont to tlm, the left lower oxtrfiuilv 
was coni|>letelv panljzed The following 
div, however, slight movement w po— 
Mbie On the next, or sixth i>0't-oiirriilive 
day, he could flex and extend the liij) and 
also extend the knee Uv the ninth po-t- 
opcrativc diy, ah movements were pos-ilili 
On the twelfth lie wiilkeil with a—i'lince 
and bv the fiftcentli po-t-opi r itn c d i\ tins 
fixtremitv stHincd idmo-t normil hen he 
was di^chirgtd from the ho'i'il il. on (he 
forty-fir-t ixi-t-opentivi iliv, this ex- 
tremitv seemed entireh normal He loiiM 
hop well on the left foot aloni The '•mif 
was true when he w i- |j'-t seen l<n months 
after the operation 
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Resistance to Passive Movement — Dur- 
iDg the period of p-irahsi' fioni the fourth 
to the fifteenth po»t-opera{i\e dns. the 
left loner c\tremitj was relitivch flaccid, 
otherwise tliere wo* at no tune ao\ ab- 
normaht.i in the rcM'l.mce to pi's-i\e mi- 
nipulation 

Tendon Reflexes — On the first post-o)*- 
eratiie dai the tendon leflcxo' (knee and 
ankle jerks) were equal on the two side- 
On the second post-opcritivc dia the lett 
ankle jerk was hyperactne and lonlmued 
'O until the ninth pO't-oper.iti\e di\ 
when all tendon reflexes in the lower ex- 
tremities were agiin eqiid and (ontintuHl 
to be so thereafter. 

Babinski's Sign — From the dij of ot>eia* 
tion to the sixth post-operatne d»\ thi' 
sign was alwaxa I'rc'cnt on the left On 
that dav it wa' questionable On the ninth 
pO't-opeiati\e da\ it was not present On 
the tenth and fowteenth dax finning of 
the little toe wa-* produced but no dorsi- 
flexion of the great toe On the fortx-hnst 
div. It could be obtained on orcaMon but 
ten months after the operation it was 

definitely ab'ent 

Abdominal ReQexes 

Prior to the oporatiou the^e reflexc-*. 
though definitelj present, were j little le-s 
actixe on the left side Following the 
operation few ob-enatioos are recordeil 
but on the fort} -first div the> louhl not 
be obtained on the left side and ten mooihs 
after the operation they were difficult to 
obtam on the left side and feeble when 
elicited 

Sensation 

Prior to the operation, sensition wa- in- 
tact but light touch (cotton) and pin-pnck 
produced an unpleasant tingling sen«ition 
like an electric shock on the left side 

Light Touch (Cotton) — On the fir-t 
po-t-operati\e day, he w.i*> unable to detect 
light touch oier the left upper extremitj 
The sime was true on the next div On 
the third post-opcratixe dax it »- noteil 
tint there was an almost complete anie^- 
thc'ia to light touch oicr the left upper 
extremity and left side of the che-t wherea- 
pressure or coarser tactile stimuli were 
sometimes appreciated but poorlv locil- 
ired. This aniestliesii continued until the 
cleienth po't-opcratiie dij . when recoien' 
begin On the fourteenth post-operatiie 
iliv, there was rccordpit «oine diminution 


of perception oxer the left upper extremity 
and also the left lower extremih but less 
oicr the trunk This is the onlj’ time th.at 
anv loss oier the lower extremity was 
noted Bv the twenty-second post-operatixe 
«la>, this form of sensibility was almost 
intact It soon became the sime as on the 
right side and continued so 
Pam (Pin-Pnck) — On the first po=t- 
ojjciatiie dix he complained of niimbnos* 
ol the Iclf unn and there was a seiere 
hxpalgesu iniohing the left upper ex- 
treiuit.i This state, a-sociated with \cri 
jKKir localization, continued until between 
the eleienth and fourteenth post-opeiatiie 
dais when it began to lessen On the 
lourteenth the threshold for pin*prick was 
defimteh* higher oier the left arm and leg 
ihm oier the right, and there wa* a slight 
lii|ulgesu oier the left side of the face and 
trunk Localization was accurate There- 
ifter this «ensor}' impairment gradiiallj di'- 
api*earcd Pam sensibiliti wa« almost intact 
on ihe twent>-®ecoml po-t-operntiic da> 
On the thirt>-thiui. there was no lo-s, but 
pm-jmek again had the unpleasiint quality 
which w i' present before the operation 
This continued to be the ca«p thereafter 
The corneal reflexes were actiie and 
equil It all timC' 

Identification of Digits — At no time 
w Is there am loss of the ability to identify 
the pro|>er toe when it was touched But 
iroiii uumediatcli after the operation until 
some time aftei the fourteenth po«t-opera- 
tue div he was unable to identifi the 
fingers of the left hind when the\ were 
touched or niinipuhted Bi the thirtj- 
third dax he had regained this abiht) and 
maintained it thereafter 
Position Sense — At no time xxas po-i- 
tion sense in the foes lo't On one occa-ion. 
hoxxexer (tenth pO't-ojxeratixe dxj), one 
examiner thought it to be somewhat dimin* 
i-hed on the left side 
Immediatel.x after the operation he was 
unable, when blindfolded, to find the left 
upper extrmut> with the right On the 
thii^ post-operatii e dav he found his left 
hand bj first finding his left shoulder and 
then following the arm down to the hand 
Position sense, as iisu dlx tested bx passii e 
nianipulation. was. of course, totallx' lost 
On the fourth po-t-operatue dw he had 
lc<s. difficulty finding the left hand but 
scD'C of direction of moxement at the el- 
bow. xiri't. and fingers xxas still xery poor 
On the fifth he could find hi' left hand 
fjirlj well Po'ition sense had returned to 
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the elbow but not to the wrist or fingers 
On the tenth and fourteenth post-opera- 
tne days position sense was again absent 
at the elbow, as well as at the wrist and 
fingers and diminished at the shoulder 
Thereafter recorery piogressed lapidly and 
these sensibilities were intact on thetwentj- 
first post-operatne day and subsequently 

As previously noted, the localization of 
points in the left upper extremity’ which 
were stimulated with pin-pnck was rery 
defectne for the first two weeks after the 
operation 

Vibratory Sense — Thia sensibility was 
markedly reduced in the left upper extrem- 
ity on the third post-operatir e day On the 
tenth, it was absent lu the left upper and 
diminished in the left lower extremity By 
the twenty-first post-operati\e day ic- 
covery was complete. 

Stereognosis, etc.— On the elerenth 
post-operati'e day, two-point discnmina- 
tion was \ery defectne oier the left palm 
On the twenty-fiist post-operatne day, 
numbers written in the left julm were coi- 
ipctly recognized about 50 percent of the 


time On the thirty-third the recognition 
of objects placed in the left hand was good 
On the forty-first numbers lA cm high 
w’ere correctly recognized when written m 
the right palm but for recognition they 
had to be 4 to 5 cm high on (ho left palm 
Ten months after the operition the rec- 
ognition of objects m the left hind wa^ 
good and mimbcis only 7 to 8 mm iiigh 
were correctly tecogmzrd when written in 
the left luilm 

Subsequent Note 
11 S Hiis again seen on April 4, 1913, o\ei 
three years after the operation For some 
time after the operation he suffered from 
comuUions but for many months these had 
been completely controlled by adequate 
regular doses of iih^’Hobaibitol For nnny 
montlis he Im been employed m the stock 
room of a goicrnmental agency lie is still 
unable to perform delicate, well co-ordi- 
nated moicnients with the left hand but 
can use it for gio-'cr tasks The mioluntan 
movements are mminnl and usinllv present 
only when he is cori'Cioiis of being ob'prved 


Comment on Case 2 

As only half of the inexcitable area lying between the “mouth” and the 
“finger” areas was removed, it is possible that not quite all of tlie “arm” 
area was removed from the precentral motor cortex. However, it is certain 
that more than merely that part of the “arm” area which uas electrically 
excitable under these circumstances was removed. 

In Case 3, too, only the “arm” area was remo\ed, but as in Case 2 
some change occurred in the remaining cortex postoperativoly. rnlike 
Case 2, however, the resulting paralysis of the leg uas more persistent, and 
this case must be regarded as a removal of the “arm" area with subsequent 
additional damage to the “leg” area. 


CASE 3 


O \V S (183906), a run Ibirlv -three 
veirs of age was referred to me by Di 
Orthello R I.angwortIiy of the Johns Hop- 
kins Ho-'pital, Baltimoie, Mary kind 
On Mi\ 26. 1936, he su-tamed .-i eevere 
cranio-cerebral injury He wa* uncoii'Cious 
for a con-iderable time and ‘tate'^ lint he 
know' nothing of wliit liippened imtil 
three wcck« after the accident On recovir- 
mg (on-cioti-nr" he noted n pirtid ex- 
pressive nphi'ii and .» right Ixmipire^is 


The'p di'tuibnnees iiiipiovtd but wire 
never comjiletcly rorrectiii Sivin wfiks 
after tlie injury he devolojcd .i wvirc 
tremor which involvtd the right arm and 
It^ It wa.* pre-rnl ut re-t but hi- ino-t 
violent whenever voluntiry moveiiii :it< 
were attempted It w ino-t MVire in iIk- 
upl er « xtreioitv 

He w IS admitted to tin rriiver-itv of 
Chicago Clinics on biiitciiiliir 19 1937, nv- 
teen months after the injtirv III- s|sit!i 
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was thick, monotonous and poorl> articii- 
hted At tunes a minor expre&jiie difficulu 
was ob\ ioiij There wa» a slight weakness 
of the right orbicularis oculi and a tendencj 
toward oieraction of the musculature of 
the right side of the face on emotional 
moteruent All tortus of sensation wcie 
cierj-where intact The tendon rcfle\e' were 
all hipenictiie Thev were equal in the 
upper extremities hut the knee ami ankle 
jerks were more actne on the right side 
The abdominal reRexes were le-j .\rti\e on 
the right side The cremasteric reflexes were 
equal Hoffmann's sign could occa'ionalh 
be elicited on both sides B ibin'ki s sign 
was present on the right side on occasion 
Mu'culir strength was good and hilueralb 
equal in the four c’ctreniities except Jor 
slight weakness of the right hind (d\n»- 
mometer readings. — right Uo. lett 140) and 
of the estensors and flexors of the right 
elbow The right thigh and calf were 2 cm 
and 1 cm smaller, rcspectneh than the 
left There was little, if an\, difference in 
the resistance to passiie movement in the 
extremities on the two sides There was a 
set ere tremor intohing the right arm ami 
to n le«9 extent, the right leg It w.is I're'ent 


at rest (three to four oscillations per 
second) and greatly incieased m intensity 
on \oIunt.nrv niotement The tremor was 
absent during sleep 

Examination of the blood, urine, and cer- 
ebrO'pinal fluid revealed no abnormality 
Roentgeaogiani- of the skull and paeunio- 
encephalogr.inis appeared e"CEtiallj' normal 

Operation 

On October 12. 1937 a left osteoplastic 
flap wjs reflected, exposing the central area 
The cortex aj'peared to be normal except 
that the subiraehnoid spvce contained more 
fluid than is usiiallv -een This fluid «a« re- 
leased The ether an.icsthesta was lightened 
Sis much as jiCNsible and the cortex stimu- 
lated with a laradjc current, using a uni- 
polar electrode (hg 117) The only mo\e- 
ment of the lower extremity which was 
obtained was abduction of the thigh from 
the uppermost part of the expo-ed pre- 
central region ^io\emeDts of the right side 
of (he abdominal wall, of the right shoulder, 
uplier arm. fore irm. wri't and fingers, right 
side of the mouth and about the right eye 
were obt.-iineil On one occa-ion the patient 
'eemed to voiahze as a result of stimuli- 



Fig. 117 (Case 3).— Diisninmitic sketch suninunsing the rcMilt' of electrical stimulation 
and indicating, within the broken line, the area extirpated 
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tion but this was little more than a grunt 
The area of representation of these parts 
of the body vas delimited and the area 
representing the right upper extremity was 
extirpated (fig 117). The extirpation in- 
cluded the entire anterior wall of the cen- 
tral fissure down to the bottom of the 
fissure It extended forward including the 
posterior part of the neighboring fiontal 
coni olutions The extirpation included the 
entire thickness of the cortex and some of 
the immediately subjacent iihite matter 
The defect <o produced measured 22 by 35 
ems on the surface It was deepest at the 
central fissure, 1.5 cm» The entire dissec- 
tion was done with sharp instruments, care- 
fully sparing the "face” area Tlie electro- 
cauterj iias not used Bleeding was con- 
trolled iiith siher clips 

Microscopic Examination 

Representative sections Mere taken from 
the block of cortex removed The coitex 
was from areas 4a, 4a, and 6 The absence 
of a definitely identifiable are^ 4 y mos not 
necessarily significant as the posteiior part 
of the block was severely traumatized when 
It Mas removed The cortex vias abnoimal 
There Mas a considerable reduction in the 
number of ganglion cells and man) of 
those that remained showed evidence of 
chronic degeneration 

Post-Operative Course 

All tremor was immediately abolished 
and at the la«t report Irom Dr LangMorth> 
on June 23, 1911, three jears and eight 
months after the operation it had at no 
lime returned 

On the fourth post-operative day the 
piliont developed eoniubions localircd to 
the right side of the face In spile of anti- 
convulsant therapy these ppisisted for 
three daj-s and then cea«od lie made ii 
\er> sitisfactorj recovery He was up m a 
chair on the eleventh po-t-oper.itive daj 
the nineteenth dav ho m.vs able to walk, 
though with much limping In onlcr thit 
his rccover 3 might be ob-erved he was kept 
in the ho'^pital much longer than was re- 
quired bj his condition He «as discharged 
to his home m Djitiiiiore on December 20 
1937, «ixtv-ninc davs after the oj^xTafion 

Aphasia 

On the day of the operation there w i-* 
no definite disturbance but his po-t-anacs- 


thetic state made any detailed examination 
impossible At 9 00 a m on the first po't- 
operatiic day (10-13-37) his speech was 
less well articulated than before operation 
and by 7 30 p m that daj- he had a com- 
plete expressive aphasia although he could 
read and apparently comprehend whit mis 
said to him On the following (second po-t- 
operative) dav the expre««i\e aphisu w » 
still complete, and m addition he liad be- 
come unable to lead He still imdei-tood 
and correctly executed simple commands 
He did not understand «hen asked to dif- 
feientiate between the sensation evoked bv 
pin-pnek on the two sides of the body and 
he no longer responded to the command 
“Put your left fore-finger to jour nosc.” 
although the left arm was not paialj zed He 
could not indicate his wants bv pointing 
to the words, “water,” “food,” and urinau" 
printed on a c.ard On the seventh post- 
operative day (10-19-37) the cxprcs'ive 
difficulty was iinchaDgeci. but lie became 
able to indicate hi» wants by pointing to 
words printed on a card On the ninth post- 
operative day ho laughed at n joke about 
his long whiskers but was still iinible to 
speak He was shovsn a <poon, a kev, a 
jien, a knife, a ruler, a light bulb, a bittcrj, 
a pad of paper, and a jnjvcr on which 
tlie following questions vvcie written 1) li it 
do jou do with eacli article'^ (1) cit with, 
(2) open a door, (3) write n letter, (4) eiif 
(S) mea<uic, (5) tight a room, (7) jnit in 
a flashlight, (8) write upon Ho eoneetli 
associated each article with liio proper qiii'- 
tion On the .iflernoon of the niiilh pt»t- 
operative dav. lie printed on a piece of 
paper with his left hand, "(jive me weir 
fmorc’J company up here ” He was moved 
into the wani and seemed grateful On the 
eleventh post-Oiientive diy (10-23-37) he 
s|>okc for the first time ifter the on=ct of 
(he apliasu and b> the following day hi^ 
fe|«ccch was alniO't as fluent as btfore the 
operation His vocabiihrj gridiijllj in- 
creased and liH si'ecch wu", ■■oan conip.ir ible 
to tliat present before operation 'llure hid 
alwajs been some slurring eier «iuci the 
origin tl accident 

Facial Weakness 

A slight wcaktii's of the lower pirt of 
the right side of the fire iiliout the moiilli 
w IS |ire<rnt on the dn of ojieritioii (10- 
12-37), and bv the sieond jio-t -o|>pr ifn e 
div (ltt-H-37) there w i-* a -cvere piralv-o 
involving all j'arti of the fire On the fol- 
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lowing day it was les» marked In spite of 
the facial con\ uLions i\ hich were present 
from the fourth through the sixth post- 
operatiie da 3 's, the weakness much less 
se\cre on the seienth po't*operatnc dax 
and present onlj with \oluntdrv grimacing 
and not when laughing the eleienth 
da> (10-23-37) it was almort gone There- 
after only a lery slight right facial weak- 
np's persisted, which was still pre'Cnt when 
he was discharged. si\tv-nine d»xs ifter the 
operation On June 23, 1041 three xear- 
and eight months after oiieration. Dr 
l»ingworthy reported "The cramtl nei\«r- 
are normal except thit emotional re'jKin'P'' 
are more marked on the left side of the 
face ” 

Eye Movements 

On the da> following the oj>cration there 
tt IS slight weakness of conjucate move- 
ments of the ejes to the right Tins parah- 
was practicall.v complete the following 
day Bj the seventh day thefe wu' ontv 
moderate limitation of deviation of the 
eves to the right Thereafter all niovenieni' 
of the e>cs rapidly returned to normd and 
have remained so 

Right Upper Extremity 

Paralysis — There was a complete pirah- 
'i" of the right upper extremitj which was 
pre«ent immediately after operation and con- 
tinued, except for mvolwntan associated 
movements, as will be noted belovy, until the 
thirteenth post-operative da>. when a feeble 
flexion of the fingers appeared On the six- 
teenth post-operative day (10-2S-37) he 
could extend the wn-t slightlj On the ei^t- 
eenth he could flex the fingers slowlv and 
complete!) when done sj-nchronou-Iv with a 
simihr movement on the left side However, 
he could readily close the left fist without 
inovmg the right He could not extend the 
fingers of the right hand He could flex the 
right elbow feebly but not extend it 
Though the pectoral muscles could be seen 
10 contract, there was no movement .at the 
right shoulder jomt On the twenty -first 
po't-operative day (11-2-37) be could 
flex the elbow agaiD't gravity, extend the 
w ri't weakly but not flex it, could flex all the 
fingers and the thumb, but only in unison 
There wa^J a slight forward mov ement of the 
right shoulder and v erv slight abduction of 
the arm at the shoulder On the twenty- 
sixth po't-operative day, he could abduct 


the arm at the shoulder, and very weak 
extension of the fingers was observed Bv 
the thirty -first post -operative day flexion of 
all the fingers together had become quite 
forceful On the thirty-fourth po't-oper- 
ative day (11-15-37) slight extension at 
tEie elbow bec.ame possible By the thirtv- 
seventh post-operative dav, he could ab- 
duct the arm well at the shoulder and flex 
the WTi't On the fortieth post-operative 
div. he could raise the right hand up to ihe 
left shoulder Flexion and extension of the 
wnst and fingers were improv mg On 
the fortv 'fifth he could place the right hand 
on top of his head On the fiftv -ninth, 
flexion and extension of the elbow was 
«tronger The right shoulder drooped as he 
walked On the sixty -sixth post-operative 
dvv (12-17-37), jwsi prior to lus being di— 
charged, it was noted that there had been 
rontiDuous improvement in the voliintarv 
control ol the right upper cxtreniitv, but 
well co-ordinated movements were difficult 
Ol impossible Independent movements of 
iiulividuj! mii-clcs or small groiqis of mu— 
cle^. particukirly in the hand, were very 
defective AH of the fingers continued to 
move only together He was unable to 
elevate the right shoulder He could abduct 
the arm at the shoulder fortv -five degree' 
and could move the arm backward and 
forward at the shoulder by the same 
amount He could flex and extend the elbow 
fully and pronate the wrist fully, but supi- 
nttion w IS limited to fortv-five degrees He 
could flex the wrist twenty degrees and ex- 
tend It ten degrees He could flex and 
extend all of the digits fully, but he could 
not move any one independenth of the other 
four However, he could flex and oppose the 
thumb and index finger while moving the 
others but little He could not hold i 
pencil or button his clothes with the right 
hand He could hold a gla-s and lift it to 
his li|is Four monlhs after the operation. 
Dr L C Kolb of Biltimorc estimated the 
strength of the right upper extremity a« 
60 percent of that of the left Tvxo years 
and eight months after ihe operation (June 
1940), Dr Kolb stated that he had full 
range of x oluntary mov ement at the shoul- 
der and elbow He was unable to execute 
any fine i-olated mov ements of the fingers 
All movements on the right side were 
weaker than on the left Three years and 
eigiit months after the operation. Dr Lang- 
worthv wrote “with effort he can raise the 
right arm well above hi« head He moves 
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the arm at the elbow freely. There is little 
power of mo\ement at the wrist and almost 
none of the fingers He is able to dress, him- 
self except for fastening the left cuff” 
Involuntary Associated Movements — 
On the fir't post-operatn e day it was noted 
that when he jawned the fingers of the 
right hand flexed forcefully This was neser 
again observed On the eleventh i>ost-opcr- 
dtne dd5’ and repeatcdlj* thereafter, the 
right arm, wrist and fingers would be ex- 
tended and lifted off the bed when he 
javvned At no time following the oiiera- 
tion did the right arm swing normal^' as he 
walhed, rather it hung loosely at his side 
and flopped as he walked 
Resistance to Passive Movement — On 
the da> of the operation there was definite 
spa'ticity of the extenaor mu-cics of the 
arm but not of the flexors On the following 
ddj’, the fingers and wHSt were fluend but 
spasticity was present in both the flexor 
and extcn«or mu-cles at the elbow On the 
second post-ojieiative di>, there was mild 
resistance to passiv e mov ement in the 
flexors and oxteD-ors of the wrut, moderate 
resistance in the pronators of the fore- 
arm and m the flexors and extensors of the 
elbow There was marked «pasfic»ty in the 
adductors of the arm at the shoulder but 
none in the abductors On the following 
daj the 8pa«ticity was of the same distri- 
bution but seemed less marked On the 
sixth day the spasticity of the flexors and 
extensors of the elbow continued, and the 
musculature of the fingers was still flaccid 
On tho eleventh ro«t-operafivc diy the 
condition was con»idcrc<I os tmchangei! or 
a little more marked On the eighteenth 
clij tjpical cla«p-knife spi'tifi(> m the 
flexors and extensors of the elbow and flex- 
ors of the vvri't was vccoided There was 
no resi'tanee m the exten-ors of the wri-t 
With the wrist hold extended, there wa- 
slight resi'tanee in the flexors of the fingers, 
whereas with the wri-t flexed, there w is 
'light rc'istance in the cxten'oi-. of the 
fingers but none in the flexors On the 
twentj-fii't div (11-2-37), there wi« no re- 
'I'tance to pa-.-ive movement ut the shoul- 
der but tvpical clasp-knife «jii'ficitx in 
the flexors and oxten-ors of the elbow l$v 
the sixtv-'ixth daj, the condition w-is 
largelv unchinged except thit (he re-i't- 
ince in the flexor- of the wri-t and fiDEer* 
was moic iinrkod A- lic 'tood or w ilLetl 
ihe arm hung loo-olv and vertieillv at hi« 
-iJe there being no po'tiinng other thin 


that imposed bj gravitj-, except that the 
fingers were semi-flexed Two jears and 
eight months after the operation. Dr Kolb 
noted increased tone in the flexors at the 
elbow, wri't, and fingers Three jeais and 
eight montk-s after the operation (June, 
IJMl) Dr Langworthy stated ‘The arm 
hai^s at the side m full exten-ion There 
la little spaftieity of the muscles around 
the shoulder girdle or elbow There is 'jia— 
ticity of the flexor nui'Cles of the wrist and 
fingers ” 

Tendon Reflexes — On the day of oper- 
ation the tendon reflexes (biceps, triceps, 
and radial jerks) weio all hjpenctivc on 
the right side, as compared with the left 
The following Hoffmann's sign, which 
appirently was not sought on the day of 
operation, was strongly po-itne on the 
right side an<l clonus could be elicited on 
«uddeo supinaiioo of the hind With ehght 
variations from time to time, this hyper- 
activity continued but gradually dimin- 
ished sonieithat At two years and ciglit 
months, Dr Kolb reported tJiat the tendon 
reflexes were still Jiyperactive on the right, 
that Hoffmann’s sign and clonus at the 
wrist could still be elicited At tlirce years 
and eight months, Dr Langworthy found 
the wrist clonus still present 
Reflex Grasping— On tho day of oper- 
ation reflex foiced gra-ping wax mildlv 
present in (he right hind It was more 
marked the following diy On the sixtli 
po'f -operative day it could not bo clicifcd 
and was never observed thereafter 

Atrophy— Prior to the operation, mea*- 
mement revealed no diffircnce in the cir- 
cumference of (ho upper arms and forearm' 
During (he sixty-nine days (hit lie re- 
mained under our ob-erv alion in Chicago, 
no atrojihy was ob-eivcd but avVud meas- 
urements wore not monied po-t-opentive- 
Iv In June, I&IO, two years and eight 
mondis after the operation. Dr Kolb found 
(he right forrann to he 2 cm rmaller in 
tirciimference than tin left nnd the right 
upi'cr arm to he 1 cm snnilcr In June, 
IWl, Dr I.ingwortliv rejioitcd tint the 
right anil w definitih Finillor thin tin 
left 

Right Lower Extremity 

Paralysis — On tlie div of opiritiun he 
could move (he thigh and leg slightlv, hut 
(lie fcKit and tois wire coniphtelv juri- 
IvzcnI On the following iiioming. at 0 00 
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ajw, he could aho mo\e the foot at the 
ankle sliahth, but the toe^ were »-tiU pa«a- 
l\ zed At 7 30 pju , that same dn\ . the 
entire right lower cxtreniitj was paraKzed 
Thi' continued until the siith iiost-opera- 
ti\e di\. when 'light inoxcment of the 
thigh and hip returned Theie w.is no 
turthcr change until the sixteenth jK^t- 
operatue di\ when he was able to more 
liK toe-’ up and down Thereiftei improre- 
iiient continued steuhh, and bx the 
eighteenth d»\ iiioxcuient was |> 0 '.'ib!c at 
all joints in the right lower extieinitx 
Exten'ion at the knee wi' \ei\ foitelul. 
while dor'i-flexion of the foot w i' xerx 
weak On the nineteenth po't-oiieiatixe 
daj U0-31-3T1, he walked with much hmjw 
ing. and on the twcntx -sixth he xxalked un- 
assi'tcd but with a txpicil henupiretic 
gait Good xoluDtarx iiioxemeni ot the foot 
was noted on that di\ Bx the fortx- 
cighth po't-operative dix 111 2&47) he 
wa' able to lift the foot clear ot the floor 
as he wklkcd. although there xxas still a 
moderate amount of circumduction On 
the sixtx-sLxth iLix he imuied shghiU on 
the right leg and did not lift the right foot 
as high as the left All xoluntarx move- 
ments were possible and of noiniil range in 
the nghl lower extrermtj. although »hex 
wire all somewhit weaker than on the left 
side At two xeais and eight month'. Di 
Kolb reported that he walktd with circuin- 
iluctiou ol the right leg In June IMl. Dr 
Uineworthx stated 'The leg i' imtimdiiet- 
etl m walking Dorsi-floxion of the ankle i' 
weakest m the right lower exfrcniitx*’ 
Resistance to Passive Movement — On 
the dax of oiveration tlicre w i' exien'or 
spaaticitj m the right lowei extiemilx 
thoush It w i' les' marked than id the ami 
The following dix the limb wa' iloscribeil 
as mildlv spa'tie On the 'ccond jHist- 
operative dix there w.is moderiic rcsi't- 
ance in the exten'ors of the hip ind knee 
blit none m the flexors- There wa' iinrked 
rv'V'tance to dovsi-Rexion of the .inkle with 
ctonu' Thereafter the spi'ticitx mcre.x'cil 
'lightlv until during the second vxi-ek pO't- 
opcritixelx and then gridiiillx dmiiDi'hed 
Mhen be wa' di-ch irgcd (6Gth I’O'f-oi'era- 
tixe dix). there was no deti'ct.ible locrex'o 
in the resi'tance to passive movement in 
the right lower cxtremitx, a* compired with 
the left However, at two xear- and eight 
month' Dr Kolb reported some hxpet- 
tomi« m the exten'or iiut-cle'. and a >ear 
liter Dr Kingwortln- «.iid. “There i- little 


spasticitj in the right leg but ankle clonus 
Is present ” 

Tendon Reflexes — Immcdiitclj after the 
operation the tendon reflexes (knee and 
ankle jerk') were hxperactive in the right 
loxrer extrcimtj , and both ankle and patel- 
lir clonus could be elicited The following 
dix the Kimc wa' true, except thit the pi- 
tellir clonus had disippeired It returned 
sub'equentlx. however On the seventh 
po't-operatiie dax, Ros'olinio’s sign was 
not present, but when he wa' discliargid 
it a' well Os the Mcndel-Bechterew s 'igii. 
wa' reidiix elicited on the right The knee 
ind .inkle jerks wcie still hxjieiaetivo on 
the right and an un'U't.iined pitellar unci 
a sustained ankle clonu-« were pitscut At 
four month' Dr Kolb icjioited thit the 
tendon leflcxcs were slightiv more .ictixe 
on the right uml .it two xixirs and eight 
month' tint thex were hxporactixe iml 
elomi' could be elicited .it the light ankle 
.At three xeirs and eight month', Dr Ling* 
vvonhx found the deep leflexes m the legs 
lo be oxeilj active bilitei illv." and clonus 
louhl still bo elicited at the right ankle 
Babinski’s Sign — Dibin'kis sign was 
piesent on the right side immediatclx aftci 
the opention and eontmued so iliroitgliuiit 
his st.ix m Chicago At tour months Dr 
Ixolb ww' umerfam ns to its prc'once bi- 
literalh At two vears and eight month', 
he rcj'orteil i) to be prc'cnt on the right 
side Howevei in June, IWO Dr Ling- 
vvoitlix lOHud it to be .ab'cnt 
Atrophy — Prior to the ojiei.uion the 
right thigh was 20 cm smaller in ciiciiiu- 
(erence than the lelt, ind the right cilt 
w IS 11 cm sinillet Two vears .md eiglit 
iiiODtIis after the oi'prition the right thigh 
vx i' 35 cm ennller and the right call w i' 
30 cm MiiiUer In June, 1011 Dr Lang- 
worthx commenlec) on the obviou' atrophx 
of the right leg 

Abdominal ReQexes 
On the 'Pxenth pO't-oper.itn e dix. the 
ibdominil and erenii'tene reflexes were 
abH?nt on the light 'uie Thex Ind. how- 
exer, rctumevl and were active on the sixtx- 
sixth ivo-U-Oj'erative dax 

Vasomotor Changes 

Mj associvte. Dr WiUmuH Sweet. nude 
cirefkil and repeated studic' of the cutanc'- 
oiis temj'eratiirP' of x-inoii' piit« of the 



372 


The Precentral Motor Cortex 


body in this case, both before and after 
the operation His findings are summarized 
in Table V 

In addition, it was noted during the latter 
part of this patient’s stay in the hospital 
that when the right arm hung dona for 
very long it became red, naim, and moist, 
and on palpation the right hand nas dis- 
tinctly narnier than the left However, in 
April, 1938, about six months aftei the 
opeiation, the patient reported that hi-, 
hand was cold and blue Neither Dr. Kolb 
nor Dr Langnorthy comnienfed i)])on any 
changes of this nature 

Sensation 

The recorded obsenations on sensation 
are by no means as full as they should be 
This Is partly due to the facts that on the 
day of operation liis post-anaesthetic state 
piecluded sitisfactory sensory examination, 
and that from the latter part of the next 
day until the twelfth post-operatne day, 
the sei ere aphasia made reliable sen'orj ex- 
amination impo--sible 


Peieeption of light toucli (cotton) was 
definitely diminished oaer the right extrem- 
ities but not o\er the tiirak on the first 
pos*r-operatv\e day (10-13-37) When he was 
dischai^ed (G6th post-opeiatne diy) this 
form of sensibility was intact, except that 
stroking the sole of the foot caused a tick- 
ling sensation only on the left side 

Examination with pin-prick iv is neier 
satisfactoiy dining the culy post-opeiatiic 
days. Later this form of sensation was 
intact. 

On the first post-opcratii c day, iibiation 
of a tuning fork was pciceived eieiywheic 
but less acutely oxer the entvie tight side 
At time of discharge there was no disturb- 
ance of this foim of sensibility 

Sense of movement and of position were 
absent m the right fingeis, at the right 
elbow, and vvri't on the first posf-ojierativc 
day Movement at the right shoulder was 
eoncctly intcrpicted He vvas unable to find 
his light Imnd with his left, when he was 
blindfolded This foim of sensation .it this 
time (first post-operative dav) wis intiiot 
in the lower extremities When he left the 


Table V 

DIFFERENCES IN SURFACE (SKIN) TEMPERATURES 
ON THE TWO SIDES OF THE BODY* 



Pre-ojierntive 

Temperatures 

rost-oporativr 

■ Temperatures 

(Vfolier 1 1 

Oetolier ' 
12 

j Or toiler]! 

NovenilHT 

7 

S pm 

7 30 a m 

a P m 

Room temperature 

24 4C 

J6 6Cl 

24 GC' 

23 OC 

IG CiC 

20 5(’. 


0 

-hO 0 

-0 3 


-fO 5 



-0 1 

-1-0 3 

-0 (1 

-0 2 

-fO 0 

-fO s 

Palm 

-0 7 

-hO 3 

0 

-0 1 

-ft) 9 

-ft) 2 

Thumb 

; +0 4 

0 

-1 5 

-0 I 




+0 s 

0 

-1 0 

+ 0 2 



Little finger 

-1-0 2 

-0 1 

-0 5 

() 



Leg 

-0 5 

-0 1 

+0 1 

+0 1 

-1-0 s 

-0 7 


-hO 4 

+0 1 

+0 1 

+0 1 

-1-0 2 



+0 1 

-f-O 3 

-fO 3 

-0 .3 

-ft) 3 



-1-0 5 

fl 

d-fl 5 

1 +0 1 

1 -fO 7 

-fl) 2 


+0 1 

-0 1 

-hO 2 




Little toe 

-1-0 6 

-hO 8 

+0 7 

+0 5 
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hospital la Chicago, and at all subsequent 
esammitioii', position scn'C was intact m 
all cxtreniitios 

On the first post-operatne da> he was 
unable to recognize article' or texture^ with 
his right hind and unable to identifj num- 
bers written m the right palm though he 


did identif3’ them when tliej" were written 
on the right forearm, upper arm, and che«t. 
Two-pomt discrimination was increased to 
1 cm on the right finger tips Similar dis- 
turb.incc» of sensation were neier found 
again, though they were carefully looked 
for on the si\t3'->iith daj- 


Comment on Case 3 

Several points are of particular interest here. Unlike the other cases, 
the immediate post-operative paralysis nas not flaccid but spastic. In previ- 
ously discussing this case (Bucy and Case. 1939). I have said that this im- 
mediate appearance of spasticity is probably to be attributed to the severe 
cerebral injury 16 months prior to the operation which resulted in a tempo- 
rary aphasia and right hemiplegia It will also be recalled that even prior 
to the operation the tendon reflexes were more active m the right leg. 

The observations relative to the alterations in temperature of the skin 
are also more complete hcje than m the other cases and indicate a very 
temporary disturbance of the vasomotor mechanism similar to that seen 
by Kemiard (1935) m subhuman primates and that reported by me (1935) 
in an individual Mith a capsular hemiplegia of sudden onset. 

In Case 4 the representation of the arm. trunk, and leg was removed 
from the precentral cortex, resulting in the most profound change present 
in any case of this series. 


CASE 4 


C M L (233366), mile, 31 >e.«rs of age 
Referred by Dr J B Raj nun, of Toledo, 
Ohio. He was admitted to the Innersitx 
of Chicago Clinics on December 28. 1939, 
and discliarged on Fehtuarx 26, 1940 

About 1930 he first noted .in occj«ionjI 
fine tremor of the fingers of the left kind 
This gradinllj’ de> eloped into .i typical 
parkin«om.in tremor, inxcbing the feft side 
of the body It became aen 'caere m the 
upper extremity and mild m the fice and 
lower extremity It hid shown no progrcsj- 
sion for four jears It wa« pre-ent during 
all of hts w iking hour-, except when abol- 
I'hcd by drinking alcoholic beierages He 
al'O experienced attacks in which h«s c>e» 
would turn upward The Wa«scrmann test 
on the blood wa« found to be positix'e m 
192S He sub'pqiientlv receixed intcn^ne 
anti-luetic treatment 

Examination 

The tremor wa' a tx^pical parkm-onian 
tremor, present at re-t. There was a definite 
Ina^k-hke facies with a mild left lower 


faciil weaknos' He wa'? unable to shrug his 
left «houlder but otherwi'C strengtli in the 
left upper extremitx was good Ilowexer, 
the tremor, and to a lesser extent, the slow- 
De»» and rigiditj (cog-wheel type) made 
u-eful movements of the extremitj impos- 
'ible On walking the left arm did not 
swing and he limped a little on the left 
icg Otkerm-e the }ofier extrem/tr ir,?s 
strong The tendon reflexes on the left side 
were all hxperaclive The abdominal re- 
flexes were active Babinski’s sign vva- 
pre-ent on the left but Hoffmann's sign was 
not The left trapezius mu'cle was not onlj 
weak but somewhat atrophied, .ind there 
was definite atrophx of the mu'clcs of the 
left hand. left forearm and upper arm and 
of the deltoid muscle Unfortunately, no 
mea-ureniects were made Sensition was in- 
tact in all modilities 
It was demonstrated that the drinking 
of ethv! alcohol (360 ce. 45 percent) 
sufficient to protiuce 222 mgra percent of 
alcohol in the blood aboh-hed the tremor 
tempomnlv and aNo induced greater weak- 
ness in the left arm and leg. 
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Laboratory Tests 

The urmaljsis and blood count weie 
normal The 'W.i'sermann and Kahn tests 
on the blood were negatne The spinal 
fluid was noimal except for a mildly positne 
Wassermann (l-l-O-O 0) Ordinary X-ray 
pictures ot the skull and a pneiimoencephal- 
ogram were normal An electroencephalo- 
gram was normal, except that there was an 
vnusvial number of ^\a^es of the type com- 
monly associated with sleep, and on one 
occasion a rhjthmie discharge was iccorded 
from the right central region at S per 
second sjnehronous with the left-sided 
tremor At the simc time no comparable 
discharge could be obtained fiom the left 
side Similar discharge was never obtained 
again Eleetromyograms showing an electri- 
cal di'turbance in the muscles of the fore- 
arm, sjticUronous with the tremor were 
obtained Ncithei the ticmor nor this olcc- 
fneal discharge was present after the opera- 
tion 

Operation 

On Janudiy 11, 1910, tindei light ether 
anaesthesia, an osteopU«tie flap was re- 
flected, exposing the right central region 
up to the sagittal fis«nre The aiachnoid 
membrano was somewhat milky and the 
•ubarachnoid space contained more fluid 
thin Usual Except for these minor altera- 


tions the exposed surface of the brain ap- 
peared normal 

With a CO'Cjcle sinusoidal electric rur- 
lent at 4 to 6 lohs applied with a bipolar 
electrode, the entire exposed cerebial cortex 
was stimulated Responses, all on the left 
side of the body, weie elicited onlv 
stimulation of the posterior pirt of (he pic- 
central g3 rus The uppermost part of the 
gyrus was cohered by ,i tangle of iein» 
making stimulation difficult Fiom thi> 
i^ion, flexion of the hip was elicited 
Furthei downward, moicnicnts of the 
shoulder, elbow, wri-t, and fingeis, m that 
Older, were elicited Below this region, m 
the lowermost part of the precentral gjius, 
which was exposed, stimulition produced 
rotation of both eyes to the left 

A block of cerebral cortex extending 
from the depth of the rolandic fissure for- 
ward to include the posterior part of the 
first and second fiontal coniolutions anil 
from the intci hemispheric fissuio downwaid 
to jU't aboie the point from which ejo- 
moicroents were elicited was remoicd 
(fig 118) The tissue rcmoied im hided nil 
of (lie coitex and the imnicilntelv sub- 
jacent white nutter Tlie central veins 
cm|>t>ing into the superior langitiulm il 
Simla were preserved except for one lirge 
xcm which liy just cintocior to thu loUndic 
figure iMDillel to it. The extirpifion aho 
imhided the tissue of the iiiipciiiiost gjriis 
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on the medial surface of the hemi-i'hcrc 
The cAwty produced lueA'Urcd S25 cm 
along the interhemisphenc fije^ure, 4 cm 
along the rolandic fi'sure. 2 cm along the 
inferior margin, and 25 cm along the an- 
terior margin It wa^ 25 cm deep along the 
roUndic fi-sure but the floor sloped upmtd. 
making it le«3 deep antenorlr 
It ua^ thought tint the entire representa- 
tion of the upper and lower ectremilies in 
.irea' 4 and 6 of the right cercbnl hemi- 
-phere had been remQ\ed 

Microscopic Examination 
The piece of cerebral cortex nhieh \\ i'* 
removed wa- cut mio nine blocks, and 
reprc'entativ e section-, were cut from euh 
and stained vvnth thionin For the niO't part, 
the cortex wis tvpical of the agranular pre- 
tCDlral cortex i e are.i? 4.i. 4« and 6 
.\nteriorlv a little gr-auulir prefrontal cor- 
tex wis M'lble and po-'teriorh a lew Betz 
cell- were seen Th.it more of are.\ 4y i- 
not ('resent in these sections is not sun'tts- 
in* in xiew of the fvet that the yvostenor 
(.xirt of the block w.13 removed sub|’iUl\ 
mutilating ibi' region considerably The 
cortex ipppired rehtively normal There 
w.is no evidence of inflvmniition or of vj" 
cuhr oeclu'ion There was jioe'ibly some 
reduction in the number of cell-, ivirtuii- 
Iirlv m laver III and m some section- 
manx of the cells which renuiowl scemevl 
undulv pile, but these changes were not 
striking 

Post-Operative Course 
The tremor was completcU .iboh-hiul. ex- 
cept for a fine tremor of the j iw .ind f.icc 
and ha« reraiined so to dite, Jamurv, 1943 
He wa< able to be up in a wheel-thijr on 
the fourth po-t-operative div He waJkwl 
without a-si-tance on. the seventeenth dav 
after operation His recoverv wa- rapid 
and without incident, but he renmned it 
the ho'pit.il until Februirv 26 1910. fortv- 
sis d.ivs after the oper.ition in older thit 
we might observe the covirse of hi« re- 
coverv Since then he iris been seen on 
several occasions and h.a« written numerous 
letter, in which he has mtelhgmtlj de- 
scnbeil hi- condition m detail At pre-ent 
over three veirs .after the operation, he is 
emploved m the slock room of a large 
mdiistrul plant 

Emotional Change 

Shortiv after the oi'cration it vv is obvimi-. 
th.vt he wa- definitelv im-t.able cmotionvHv 


He would weep on (he -lightest provoc.a- 
tton and in rtspon-e to \vnu-«al s-timuh, 
-uch as hearing the bcaiitv of an auto- 
mobile de-cribed over the radio He said 
that this was iincontroll ible .and not as- 
sociited vcith any feeling of sadness In fact, 
he often actu illv felt hippj when he cried 
He attributed this condition to being over- 
joved with the freedom from the tremor 
no tune was there -mv similar uncon- 
trolled outburst of laughing This state con- 
tinued unchanged for about two weeks, 
when It began to dmuni-li in scveritj’ Bv 
the tvventv -ninth post-operative day he wa- 
-ttll inclined occa«ionallv to cry uncon- 
frolbblv but thereafter this state rapidlv 
ilisap|>eared 

Eye Movements 

Prior to the operation he occasionallv 
-uffered from oculogjric s(iasms in vrhich 
the eves would turn iiiiward None of these 
occurred during the month and a half that 
he rem lined under our continuous ob-erv i- 
tion after the oi'cration but eight months 
after the o|veratioD he informed us that 
verv rirclr he suffered trom attack' m 
which the eves would inv oluntarilv turn 
to the right The-e were most apt to occur 
when he iras excited or after drinking about 
tour bottles of beer 

On Januirv 31 1941, a vear dter the 
ojvcratvon, and on kswil 2 19U fifteen 
months after the operation, he -tated tint 
the eves never rolled upward a« ihev did 
bciore the oper.uion but on oceision. as 
when watching bowlers watching pool ball-, 
pl.iviQg cards or after drinking beer the 
eves seemed to be drawn to the right 
never to th’ left However his friends fell 
him vbvt there is no actual movement of 
the eves 

There are no notes relative to anv di— 
turbiQce- ot movements of the eves until 
the eighth (vost-operativ e div when it vras 
DOtetl thit voliiiitarv eonjugite movement 
ol the eves either upward or to the left wa- 
slow and difficult Thi- hid di-.ipj'eared bv 
the twenty-ninth po-t-operativ e d.vv, the 
only rem.aining trace being a few nvstag- 
moul jerk- on looking to the extreme left 
Even the-e soon di-ap]>eired 

Facial Weakness 

A slight weakness of the lower part of 
the left side of the face was present im- 
mediitely after the operation It began to 
dinuni-h two weeks after the operation but 
never completely di^vppcarcd He expert- 
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cnced difficiiliv in winking fhe Jeft eje 
alone On April 2, 1941, fifteen montha 
after the operation there was still a slight 
weakness of the entiie left side of the face, 
though It was moat marked about the 
mouth This, howe\ci, was present before 
the operation. 

Left Upper Extremity 
Paralysis — Immediately after the opera- 
tion there was a complete paralysis of the 
left upper extremity This persisted un- 
chingsd until the eighth post-operative day 
when, on one occasion, feeble flexion of the 
elbow was obsened No further movement 
was noted until the eleventh post-operatne 
dij when he was able to abduct the arm 
It the shoulder nioiing the elbow a dis- 
tance of SIX inches He could also flex the 
foicarm against gravity from complete ex* 
tension, to a right angle. On the twelUh 
post*opeiiiti\e day he could pronate the 
hand Thereafter strength progressively in- 
creased and more movements returned On 
the ee\ enteenth post-opera ti\ e day he could 
extend as well as flex tho elbow and he 
could flex the fingers weakly Imnroiement 
continued and by the forty-fourth day he 
could abduct tho arm at the shoulder 
gravity through an angle of 75 de- 
giees Adduction was fairly strong He could 
flex the elbow through 120 degrees against 
griMty Extension of the elbow was fairly 
-trong He could pronate tho hand but not 
Mipinite it He could extend the wri«t 
through an angle of 20 degrees against 
grinit) but he could not flex Jt He could 
flex all of his fingers info tho palm but not 
moic any one of them independently of 
the others Extension, abduction, and ad- 
duction of the fingers were not possible On 
the eighty-sccond po“t-operafne day, the 
strength of all nio'ements was increaseil. 
and he could flex the wrist but not extend 
it Extension of the fingers and supination 
of tho wn-t wove ptaclwally ab-enl Eight 
iiionth> after the operation he was able 
to r ii'C the left hand up to his head Rloae- 
iiient at the elbow, both flexion and exten- 
-lon wa^furlj strong The gra«p was good 
Extension of the wn-t and fingers was aer>' 
weak He could not mo\e indiiidiial fingers 
He did not u«e the left hand except for 
such simple tasks as holding a package of 
cigirettcs while he opened it 

On April 2, 1941, fifteen months after the 
operation he could rai'C the left band oier 
111 - head He hul noted that moicment w is 


freer on arising in the morning than it was 
later in the day Elei ation of the left shoul- 
der (shnigging) was very weak but move- 
ments at the shoulder joint (abduction, in- 
ternal and external rotation) were all strong 
except that abduction was not as forceful 
as on the right Flexion and extension of 
the elbow were strong Pronation and supi- 
nation of the wrist were very weak. Ex- 
tension of the wrist was weak and flexion 
absent Flexion of the fingers was weak, 
while extension, abduction, and adduction 
of all fingers and opposition of the thumb 
against tlie little finger were absent Flexion 
of the thumb was the only independent 
movement of any digit that he could make 
This condition has shown little, if any, 
change since then 

Resistance to Passive Movement— On 
the first post-operative day the left upjirr 
extremity was flaccid, except that on ex- 
tension of the elbow there was n definite 
catch when the forearm formed an angle 
of approximately 160 degrees with the 
upper arm As exten«ion was continued thn 
gave way quickly and there was no further 
resistance This flaccid state persisted until 
the eighth post-operative diy when slight 
rc<Hlan<e to passive stretching of the flex- 
ors of the elbow and wrist and of the 
pronators of the forearm appeared There 
was no resistance to stretching of the ex- 
tensors of the elbow, vvrbt, or fingers, of the 
Mipmators of the forearm, or of the flexors 
of the fingers The amount of rc*i«t.inc( 
graduallv increiscd On the eleventh post- 
operative day some resi«tjnce was flr>t 
detected in the flexors of the fingers On 
the seventeenth po-t-opemlne day, when 
he began to walk without u'-Klance, tin 
left arm hung loo'clj at tin* side On the 
fortj-fourth po-'t-operativ e d.a\, ju-t be- 
fore he left the ho-pit tl, the left arm i-till 
hung dependent with no posture other 111 in 
that imposed by grivitj hen he w i- sil- 
ting the arm w.i* ii-uilly held with tin 
elbow and fingers scniiflcxed On pi"i\r 
minipiilition there wiis slight rc'i-taner in 
the adductors of the arm at the rhoiildrr 
a Ij'pical cla'p-knife re'i<tancc in the flex- 
ors of tho elbow and a siniilir, though h — 
markesl, re«i'fance in the exien'ors of tin 
elbow There was spi-ticity of the flixors 
but no re'i'tinre to jn'^ive stretching of 
the exten-ors of the un-t anil fingirs 
Clonus could at tiiiKS be elicited by ?u<I- 
tlcn stretching of the pronilor* of the fore- 
arm On the eight}—' coml po-t-ofif ritiv' 
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day and eight months after the operation 
a moderate spasticity of the distribution 
described abo\ c was present On Apn] 2. 
IWl. fifteen months after the operation, 
there was cli'p-kmfe spasticity in the ad- 
ductor mU'cles as well as the internal and 
external rotators but none in the abductors 
of the left shoulder There was similar spas- 
ticitj- in the flexors but none in the exten- 
sors of the elbow, wri't, and fingers, and m 
the pronators, but not m the supinators, of 
the wrist A sustained clonus could be 
elicited bj suddenh stretching the flexor 
muscles of the left wrist or fingers TVhen 
walking the arm hung straight down unless 
he became excited, and then it flexed 
slightly at the elbow, wrist, and finger* 
Tendon Reflexes — On the first po't- 
operatuc di.' the biceps, triceps, and radial 
jerks were all hvperactne on the left adc 
but Hoffmann's sign could not be elicited 
This hyper-reflexia continued Hoffmftnn’s 
sign was positive fourteen dajs after the 
operation and continued so thereafter As 
preMoiul} noted, conus could at times be 
elicited by suddenly stretchmg (he pro- 
nators of the wrist Eight months after (he 
operation conus could be readily elicited in 
the flexors of the wrist, all tendon reflexes 
were still hyperactive, and Hoflmanns 
sign was present. Fifteen months after the 
operation the left biceps and radial jerks 
were \er>' hyperactive, but the triceps jerk 
was not mcreased, being equal to that on 
the right side Hoffmann’s sign was still 
readily elicited on the left side Reflea 
forced grasping was never elicited 
Associated Movements — At no time, 
either before or after the operation, did the 
left arm swing when he walked as the 
right one did While in the hospital do in- 
V ohmtarj" movements associated with j awn- 
ing or any emotional stimuli were noted, 
but on Jfarch 10, lOiO, two months after 
the operation, he wrote that the arm flexed 
at the elbow when he jawmed This phe- 
nomenon continued, and fifteen months 
after the operation he stated that when he 
x-awned or beard a loud noise the left elbow 
would flex to a right angle and the fingers 
would clo'e into his palm. 

On April 9, 1910, three months after the 
operation, he noted that when he met old 
friends while out walking or when he 
walked in front of a crowd the left arm 
would become extended and then be ab- 
ducted from the shoulder about a foot 
(about 15 degrees) 


On June 1. 1940, five months after the 
operation, he reported that when he 
etrelched” his arms in the morning the 
fingers on the left became extended “as stiff 
as a board" and sometimes were even bent 
backward 

On JuJv 1, 1940, about six months after 
the operation, he reported that at the 
height of sexual orgasm the left arm would, 
with a jerk, be extended and adducted 
against his side It would as quickly relax 

On July 29, 1940, he reported that an 
automobile came up behind him quietly 
and unexpectedlj When he turned and saw 
it he was startled and “my left arm flew 
up m one jerk completely over my head.” 
It relaxed in a few seconds Eight months 
after the operation involuntary associated 
movements similar to those described above 
were still present He had also noted that 
when he is alone or not cod'Cious of being 
watched be walks freely and the left arm. 
hanging dependent, swings slightly But 
when he is observed or is on a crowded 
street, the left arm flexes slightly, does not 
swing, and his left leg stiffens, making his 
hemii>aretic gait more obvious On Septem- 
ber 30. 1940. eight and one-half months 
after the operation, he also reported that 
“when I get the least bit chilled tny leg 
gets stiff and it is more difficult for me to 
walk " 

On Januaiy 31. 1941, just over a year after 
the operation, he e.xpressed the opinion that 
the tendency for bis arm to be involuntarily 
lifted up and away from his body when in 
the presence of people was gradually de- 
creasing Herwexer, it is still present (Janu- 
ary, 1913). 

Left Lower Extremity 

Paralysis — On the first poet-operativ e 
dx> the left lower extrenutv was completely 
parafyzed except for very weak extension 
of the knee This state continued until the 
sixth post-operative day when feeble flexion 
of the knee became pos-ible On the elev- 
enth po*t-operatn e day quite forceful ex- 
tension of the knee, as well as feeble flex- 
ion. was possible There was also slight 
internal rotation of the thigh but no move- 
ment of the foot or toes Two dxj-s later, 
the thirteenth post-operative day, external 
rotation of the thigh was po«»ible, flexion 
of the knee was more forceful, and he could 
rai-e the extended leg two feet off the bed 
bv flexion of the thigh On the *evcnteenth 
po-t-oiverativo day all movements previ- 
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ouily present «ere stronger Ho could e\- 
tend as well as flex the thigh Adduction 
of the thigh was moderatelj strong but 
abduction was weak Theio rcas strong 
pIantar-e\ten«ion of the foot On this daj 
for the first time since the operation he 
walked without a«i'fance In doing so he 
scraped the toes on the floor By the 
twenty-fifth post-operatii e day he wa- able 
to dor=i*flex and plantar-extend the foot 
On the thirtj’-fiftli ho was able to walk 
easily. The left leg was circumducted and 
the toes and anterolateral part of the foot 
scraped the floor a little. On the forty- 
fourth hi« walking was improied He could 
e\en walk tandem, i£ , heel to toe, although 
awkwardlj He could not liop on the left 
foot alone. Flexion of the left hip, abduc- 
tion and adduction of the thigh, and exten- 
sion of the knee were all strong E\ten*ioa 
of the hip, flexion of the knee, and plantar- 
extension of the foot were all weak There 
was no moiemcDt of the foes or dorsi- 
flexion of the foot On the cightx-'ccond 
post-operatii e daj flexion of the knee and 
plantar-extension of the foot had become 
fairly strong The peroneal ma-cles and 
dorsi-flexors of the foot were powerle«3 
At eight months the condition was the 
same,* except that he stated thil when l>ing 
down, relaxed, he was often able to more 
his toes Fifteen months after the operation 
all moioments on the left «idc were weaker 
than thO'O on the right Howeter, exten- 
sion of the knee was but little reduced as 
compared with the right side Flexion, cx- 
tensiOQ. abduction, and adduction at the 
hip and flexion of the knee were strong 
Internal and external rotation of the thigh 
at the hip were moderately strong Dor-'i- 
flcxion and plantar-extension of the ankle 
were weak Dorsi-flexion of the toes was 
\crj’ weak and plantar-flexion, ab-ent 
On walking he circumducted the left leg 
slightly. He was unable to hop on llte left 
foot alone but he could walk tmdem well 
Resistance to Passive Movement — The 
left lower extrcmitj showed no resistance 
to pa'«i\e manipulation until the fifteenth 
po't-operatn e day when for the fird time 
after the operation •■light cla«p-knife re- 
sistance w H encountered upon stretching 
the extcn-oi« of the knee. This graduxlh 
increased and extended until ;u-f before he 
was di-chargcd, on the fortx-fourtli po-t- 
operali'C dav, there wa- slight resi-tancc in 
tlie adductor^ .and flexors of the hip, defi- 
nite though not marked cla.'p-knifc rc-i»t- 


ance in the extensors of the knee, and some 
mild re«i-tance m the plantar-c\ten=or» of 
the foot There was no resi-tance in the 
flexors of the knee or dor^i-flexor- of the 
foot. On (he cightj-second po-t-operatne 
day, at eight months, and at fifteen months 
after the operation there was moderate 
spasticity of similar distribution 

Tendon Reflexes — On the fir-t po-'t- 
operatuc day the knee and ankle jcrk« on 
the left were hjperactive, and a su-taincd 
ankle clonus could be readilj elicited This 
condition did not change subsequ"ntl3 At 
no time could patellar clonus be elicited 

iabmsbi’s Sign — Plantar stimulation 
exoked dorsi-flexion of the left gieat toe 
and fanning of the other toes on the first 
post-operatiie da> and at all subsequent 
examinations But B-abinski’s =ign wj- 
present before the operation 

Abdominal Reflexes 

On the fir«t post-opcratiie div the iib- 
domina! reflexes on the left side were 
pre«cnl but weaker than tho'c on the right 
This state persi-ted until the fortj-fourtli 
post-operatiic day when they were aetiie 
and equal on both sides and Inio been so 
eicr since 

Atrophy 

As no meaMirements were iiiuic prior to 
operation, it h not po-'ible to coniinre the 
degree of atrophy before and after this 
cortical exci'ion But on the forti -fourth 
post-oper.itti e dij, the right forearm niei— 
ured 291 cm in circumference the left 
255 cm Similar differences of 25 to 5 cm 
between the right and left upj'cr and lowir 
extremities were pre-fnl fifteen month' 
after the oi>pration, but some atrnphx 
was prCMjnt on the left eidc prior to the 
operation 

Sensation 

Light Touch (Cotton) — Tli'^re wj- no 
ih«turbancc of thi® form of sem-ation at urn 
time |>o<t-operatnelj . 

Pain — There was no di-lurbincc of pun 
(pin-priek) eoa-ibiJit.v except for a slight 
lixpalge'ij over the hft *ido of llic fjc< 
and “light diminution of the left cornrjl 
It flex from the eighth to the cltuntli po-t- 
ojieratixc dixa 

Identification of Digits — On th'’ fir"! 
jiO't-o|"erjliie do I" w.u iirubh to nhn- 
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tifj- his fingers when thej were touched but 
WH able to identify his toes On the third 
post-operatue daj" he had some diffictilta 
in identify ing his toes but this toon di— 
appeared The difficulty in identifying hfc> 
fingers had di-appeared by the fifteenth 
post -operate e day and was never again 
present. 

Stereognosis, etc. — On the fic't po^t- 
operativ e day he had great difficulty in rec- 
Dgni 2 ing numbers wntten in the palm of the 
left hand On the eighth po^t-operitnc dav 
he could recognize no numbers written m 
hi' hind and only about 50 per rent of the 
objects placed in hus left hand By the 
eleventh post -operative dav he could rec- 
ognize about SO per cent of the numbers 
as well as the objects On the fifteenth the 
recognition of all figures veas accurate 
There was still some difficulty in recog- 
nizing object' but this soon disappeared 

Position Sense — On the first po«t -oper- 
ative dav he had marked difficulfv to fiml- 


ing lus left hand when his eyes were closed, 
and po«ition «en'e m his fingers was absent 
but was mtact in the toes On the eighth 
poNt-operative day the same was true More 
exten'ive testing revealed that position 
'en'«e was aNo abolished at the left wrist 
and elbow but was intact at the shoulder 
On the eleventh day he was aware of pas- 
sive movement at the left shoulder, elbow, 
wn-t, and fingers, but of the direction of 
the movement only at the shoulder and 
elbow Position sense w'as accurate m the 
lower evtremity. but the responses were 
•-omewhit more slowlv given than those to 
movement on the right side By the fif- 
teenth. po'ition sense was much improved 
ID the fingers though not as good a« on the 
right U was entirelv restored by the thirty - 
fifth jKi't-opentiv e div 
Vibration Sense — Vibration sen*e was 
never reduced or lost but on the first po«t- 
0 |>erative dav thi< sensation was «aid to be 
more loten-c on the left side of the body 


Comment on Case A 

There are several points of especial interest in this case. In contrast 
with Case 1, in tthich only part of the “leg' area was remo\ed,^and with 
Case 2, in which only the “arm* area was removed the amount of paraly- 
sis was considerably greater in both the upper and lotter extremities But 
the paralysis n as not as se\ ere as that seen in many cases of capsular hemi- 
plegia or as that reported by Dandy and by Gardner when much of the 
cortex of one hemisphere, including all of the precentral motor cortex was 
removed — and furthermore, although definite spasticity developed, it was 
not as severe as is commonly seen with a capsular hemiplegia 

It is of considerable interest to note that although the entire repre- 
sentation of the trunk lying between the “arm" and “leg" areas was re- 
moved. the abdominal reflexes, although initially somewhat depressed 
i\ere never abolished and eventually returned to their normal vigor. 

Summary of Clinical Observations 

In considering the observations made here it should be constantly borne 
in mind that the extirpations were not limited to area 4 or area 6 or to 
any subdivision of either of these areas; and that the e.xtent and location 
of the extirpation or of additional damage done at the operation could not 
in any case be confirmed by postmortem examination of the brain as all 
of these patients still survive. 
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Electrical Excitability— Xo effort was made to study the problem of 
electrical excitability in detail in these cases, and for a complete considera- 
tion of this aspect the reader is referred to Chapter XIII. In the mam, my 
observations are in agreement with those of Foerster and of Penfield One 
point is worthy of further comment. In these cases, as well as in others not 
reported here (Bucy, 1940), stimulation of the uppermost part of the pre- 
central gyrus on the lateral surface of the hemisphere commonly evoked 
movement of the contralateral extremity at the hip. In those instances 
where such results were not obtained (Case 2), this uppermost part of the 
precentral gyrus was not excitable. In no case did the representation of the 
upper extremity extend all the way up to the interhemispheric fissure 
Rarely does stimulation of the lateral surface of the hemisphere evoke 
movement at the knee or ankle or of the toes 

In another patient (P de F) operated upon on August 3, 1943, I was 
able to confirm in man some of the observations on the suppressor strip 
(area 4s) made by Hines (cf. Chapter XVIII) in the monkey and by Mc- 
Culloch (cf. Chapter VIII) in the monkey and other subhuman primates 
(Bucy and Carol, 1944). By stimulation of the anterior lip of the superior 
precentral sulcus just ventral to the superior frontal sulcus, the resistance 
to passive manipulation produced by lightening the ether anaesthesia could 
be abolished in the contralateral upper extremity. Likewise, clonic after- 
discharge in the contralateral upper extremity, produced by stimulating 
the “arm” area of area 4y with a stimulus of greater than threshold 
intensity, could be abolished by stimulating this suppressor area just 
anterior to the superior precentral sulcus This finding has since been 
confirmed in still another patient. 

Paralysis— Removal of the representation of one or both of (he ex- 
tremities from the precentral motor cortex in man results in an immediate 
complete flaccid paralysis of the part or parts represented. It is true that in 
Case 1 the hip and knee were not completely paralyrcd, but the extirpa- 
tion of the “leg” area can not be regarded as complete in that instance. 
Also, the slight power of extension of the knee which was preserved in 
Case 4 must be regarded as a slight exception to the above statement. 
Furthermore, in the patient P tie F mentioned above, only the "arm” and 
"leg” areas were removed from area 4y. Although the arm was immedi- 
ately completely paralyzed it began to recover lu a few days — much more 
quickly than after removal of both areas 4 and 6. The lower extremity 
could be moved quite forcefully at the hip iniinediately after the operation 
and also showed a much earlier onset of recovery than is usual after the 
more extensive extirpations. 

This paralysis after removal of both areas 4 and fi is temporary, and 
recover}- begins in from four to sixteen daj-s after the operation. The order 
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of recovery is variable, and that part which first begins to recover is not 
necessarily the one which recovers most completely. In some instances the 
fingers were the first part of the upper extremity to show any recovery of 
voluntary’ movement. It is true that in Case 2, where the fingers were the 
first part to recover, all of the “finger" area may not have been removed. 

Once recover} has begun, it always progresses most rapidly in those 
muscles moving the proximal joints. In the final picture the paresis is 
always much greater in the muscles moving the distal joints, and some 
muscles in those regions may remain permanently paralyzed. 

The ultimate deficit is less in either the arm or the leg when the repre- 
sentation of that extremity alone is destroyed. It is considerably greater 
in both the arm and the leg when the representation of both is removed. 

In the upper extremity, the recovery is greater in the flexor muscles. 
In fact, the extensor muscles of the wrist and fingers may never recover. 
Supination of the wrist was usually more defective than pronation. 

In the loner extremity recover}* is gi'eater in the extensor muscles than 
in the flexors Movement of the toes often remains feeble or absent, and 
dorsi-flexion of the foot is much weaker than plantar flc.xion. 

Spasticity — The paralyzed extremity is flaccid on passive manipulation 
immediately after the operation. TVTthin one to two weeks spasticity ap- 
pears and slowly increases in intensity. It is doubtless significant, although 
the actual relationship is not clear, that both recovery of voluntary power 
and development of spasticity are most marked in the same general group 
of muscles. i.e , the flexors of the upper extremity and the extensors of 
the lower. These two phenomena do not go hand in hand, however, for, 
whereas the recover}* of voluntary power is greatest proximally, the spas- 
ticity is greatest distally. 

This spasticity is of a clasp-knife type and thus is characterized, like 
the spasticity of the experimental decerebrate state, by the lengthening 
and shortening reactions. The spastKity, though al^'ays present, is not 
severe. It is not of the intensity commonly seen w ith capsular hemiplegias, 
and when the patient is walking the upper extremity does not assume the 
typical flexed or semiflexed posture but hangs downward at the side. Like 
the spasticity seen with hemiplegia. Little's disease, multiple sclerosis, 
etc., the spasticity here is enhanced by emotional e.xcitement and by cold. 

It is true that lu Case 3 the immediately post-operative state was not 
a flaccid one. As previously pointed out. however, I believe this to be due to 
the presence of pre-existing pathology. Fulton and McCouch (1937) have 
shown in subhuman primates that if the precentral region is removed 
sometime prior to transection of the spinal cord, the characteristic fiac- 
cidity and areflexia do not appear or are of unusually short duration. In 
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Case 3 it is my belief that the injury to the precentral region or its pro- 
jection fibers some 16 months prior to the operation so conditioned the 
subcortical and spinal reflex centers that they assumed this state of hyper- 
reflexia more promptly than they nould otherwise have done. 

Reflexes — The tendon reflexes, i.e., biceps, triceps, radial, knee, and 
ankle jerks, are usually present and even hyperactive immediately after the 
operation and remain so In Case 2 they were abolished for the first three 
post-operative days and nere feeble until after the nineteenth post-opera- 
tive day, since when they have been hyperactiie. When the “arm” area 
has been destroyed, Hoffmann’s sign, also a stretch reflex, usually appears 
somewhat later, and thereafter remains present. As the tendon reflexes in- 
crease, clonus can usually be elicited at the imst, fingers, patella, and ankle. 

Reflex forced grasping has not often been eheifable in any of these 
cases, has ne\er been marked, and even when present has always been verj' 
transitory. 

Babmski’s sign appears shortly after destruction of the uppermost part 
of the precentral gyrus, but within how many hours I am unable to state. 
It has been observed on the day of operation, in some cases, and on the 
first post-operative day, in others It frequently is present even when the 
uppermost part of the precentral gj'rus has not been removed, but under 
these circumstances does not persist 

Though the abdominal reflexes on the side opposite the removal of the 
precentral cortex are usually dimmisheil and may even be abolished, this 
condition does not persist. They usually, subsequently, return to their 
pre-operative activity. 

Atrophy — In all the cases where careful observations have been made, 
atrophy has occurred in those muscles who'se precentral cortical repre- 
sentation has been removed, even (hough these muscles are not com- 
pletely paralyzed and are not flaccid. It is true that this atrophy is by no 
means comparable to that which occurs when the anterior liorn cell or the 
peripheral nerve is destroyed. Yet. it is gross enough to be obvious on in- 
spection and is confirmed by actual measurement. In those cases where 
some atrophy was present prior to the operation it has progressed. 

Sensation — In every case reported here, there have been marked alter- 
ations in sensation which were present on the first post-operative day aiul 
persisted for a variable period of time thereafter. In patients ssho have 
been subsequently operated ujioii great care has been taken to c.xaimne 
sensibility as soon as possible following the operation. IVe have now 
convinced ourselves that there is no sensory lo's immediately after ex- 
tirpation of the precentral gyrus, but that the sensory lo^s appears seieral 
hours later wlien edema, hemorrhage and subsequent interference with cir- 
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dilation liave had time to affect the functional activity of the post-central 
region. (These cases will be reported in detail elsewhere.) There is con- 
siderable variation in the duration of the sensory loss and in the modalities 
of sensation involved. Thus, in Case 2 all forms of sensation, light touch, 
pin-pnck. position-sense perception of vibration, stereognostic sense, the 
recognition of objects, tno-point discrimination, the perception of figures 
written in the palm, and the identification of digits touched were all 
abolished. By the thud day. the perception of light touch had begun to 
return, position-sense and vibratoiy sense began to return the following 
day, while recognition of objects placed m the hand, two-pomt discrimina- 
tion. and identification of figures written in the palm of the hand were 
slowest in recovering. Ultimately all sensory <lefects completely disap- 
peared. In contrast is Case 4, with a more extensive extirpation. In this 
instance the loss was far less. The perception of light touch, pin-pnck. and 
vibration were never affected. Position sense was temporarily abolished 
from the fingers but not from the toes. Similarly the ability to identify the 
finger which was touched was temporarily lost while the ability to recog- 
nize the toes was only dunnushed for a short time The ability to recognize 
objects placed in the hand and figures written in the palm was reduced but 
never abolished. 

Recovery of the.«e dmimished or aholrshed sensory abilities usually 
began m from four to ten days, and recovery was complete in from fifteen 
days to several months 

Vasomotor Control — Careful studies of the changes in the tempera- 
ture of the skin were made only m Case 3 These limited observations 
indicate that removal of the precentral motor cortex is associated with a 
very temporary vasoconstriction in the skin of the part whose cerebral 
lepresentation has been removed 

CONCLUSIONS 

Innervation of Purposeful Movement 

It is a well-established fact that in the carnivora, e.g., dog and cat. the 
motor cortex, i.e.. the sigmoid gjTus. or for that matter, all of the cerebral 
cortex IS of relatively little importance in the control of the activity of the 
skeletal musculature Dogs and cats from which the entire cerebral cortex 
has been removed still stand and walk almost as well as normal animals 
(Schaltenbrancl and Cobb, 1030) However, in the primates this is not true. 
The process of eiiceplialization has progressetl to the point where the pre- 
central cortex has assumed most of the control over the skeletal muscu- 
lature, and when the precentral motor cortex is removed from both 
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cerebral hemispheres these animals become almost totally paralyzed and 
remain so even after forty-eight days. They are unable to sit, stand, walk, 
climb, grasp food and carry it to their mouths, etc. In fact, all movement is 
abolished except for reflex activity and certain stereotyped grasping and 
pulling movements^ (Bucy and Fulton, 1933; Bieber and Fulton, 1938). 

Although similar observations have not been made in man, there is no 
reason to believe that encephalization is less complete in human beings 
than It is in subhuman primates. It is true that Foerster (1936) has pro- 
duced movement of skeletal musculature by electrical stimulation of many 
other parts of the cortex (an observation which Penfield and Erickson, 
1941, and Penfield and Boldrey, 1937, were unable to confirm, except for 
the post-central gyrus) and that Levin and Bradford (1938) demon- 
strated that in the macaque a few of the fibers of the pyramidal tract arise 
in the parietal cortex. However, if these areas outside the precentral motor 
cortex contribute at all to voluntary muscular activity, their contribution 
IS such that it is ineffective in the absence of the precentral areas. It is thus 
obvious that in primates practically all voluntary movement results from 
the activity of the precentral motor cortex. When, after removal of one 
part of this cortex, some movement recovers, this must, therefore, result 
from the activity of some remaining part of the precentral motor cortex 
but not from the activity of some other cortical area outside the precentral 
region or from the activity of the basal ganglia as has so often been 
assumed.* 

lu experimental animals (macaques, baboons, etc.) this is readily 
demonstrable (Bucy and Fulton, 1933; Bieber and Fulton, 1938; Wyss, 
1938). Area 6 or area 4 in one hemisphere alone is capable of producing 
very useful purposeful movements in all four extremities. And yet, when 
that one last remaining area is removed, the animal becomes helpless. This 
leaves no doubt that both area 4 and area 6 have extensive control over the 
ipsilateral, as well as the contralateral extremities, far in excess of what one 
would anticipate from the vciy limited movements which can be produced 

■‘Tlirougli personal communicnlioD I>r Manon limes miorms me tbil m lier evpeneTirc 
bilateral remoial of area® 4 and 6 h»s not produced quite aa sc'erc a motor deficit as 
ob'er\ed at New Ha>en Woolspj and Bard (1{M3) hue aho recently reported, in abMract, 
that when areas 4 and 6 were reroo\ed from both cerebral henitsphcrca of a monkey in sf 
with intcr\als of many months to two years between the \arious operations the deficit was 
b\ no means as great as when the same operations were |>crformed .at mucli shorter inferiaN 
.•kfter these extirpations their animal, although greatl\ incapacitated, was able to w ilk, and, 
when excited, to climb It will be mo-t interesting to see if the same rr-idts cm be obtained 
itv more than one animal 

’There is one likely exception to this statement Kennani (1930) lia« pointed out lint 
lemoxal of the precentral motor cortex bilaterally fiom infant monkrjs iloes not aboli-ti 
xoUmtarj moiemcnts as it does in the adults It is thus possible that in human beme^ foci, 
the basal ganglia or some other part of the coitex miy be capable of integrating loliintJO' 
moiements when the precentral motor cortex is destroyed before, at, or sliortly after birtk 
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in the ipsilateral extremities by electrical stimulation of the cortex (Bucy 
and Fulton, 1933). In fact, in monkeys, movement in the ipsilateral upper 
extremity was always ver}' difficult to obtain by electrical stimulation and 
frequently could not be obtained, yet in every' case ablation experiments 
demonstrated extensive ipsilateral innervation in the upper extremity. It 
has been verj’ difficult to produce movement in the ipsilateral extremities 
by stimulation of the cerebral cortex in man (Penfield and Erickson, 1941). 
Recently, hoi^ever, Rasmussen and Penfield (1947) have succeeded in 
producing movement at both hips from the stimulation of a single 
cortical point. 

Considerable evidence exists as to the effect of the complete removal of 
the precentral motor cortex m man. Dandy (1928. 1933). Gardner (1933). 
Rowe (1937). and others ha\e removed most of the cerebral cortex of the 
right hemisphere, including all of the precentral motor cortex. In such 
cases if. as has just been pointed out. all voluntary movement is depend- 
ent upon the precentral motor cortex, we may assume that all of the move- 
ment which persisted m or returned to the extremities contralateral to 
this extirpation ^as the result of activity in the ipsilateral precentral 
motor cortex. 

Tlie greatest recoveiy uas shown in Gardner’s (1933) case (O'Brien. 
1D3G). His patient was a 3I-year-old woman. At operation on August 31, 
1931, he removed practically the entire cortex of the right cerebral 
hemisphere: only most of the basal ganglia and a portion of the uncinate 
gjTUs were left. The claustrum was removed along with the cortex. Im- 
mediately after the operation a complete left hemiplegia was present. 
About five weeks after the operation, when supported between tuo nurses, 
she was able to move the left lower extremity m walking but unable to 
move this extremity when seated or when lying in bed. A few weeks later 
she was able to flex and extend that extremity when in bed, and voluntary 
power gradually increased thereafter. On examination, twenty months 
after the operation, the left palpebral fissure was wider than the right, the 
left masseter and temporal muscles contracted somewhat less forcefully 
than those on the right, but the jaw did not deviate on opening There was 
a questionable or very slight weakness of the left orbicularis oculi and of 
the left side of the face about the mouth. She was able to walk well without 
support and to go up and down stairs unaidetl. There was considerable 
power of flexion and extension of the knee and hip but no voluntary’ move- 
ment of the ankle or toes. The left upper extremity was useless and there 
was no voluntary power. The left extremities were spastic, the tendon 
reflo.xes were increased, and Babinski’s sign was present. On the left side 
the abdominal reflexes were abolished. Tliere were marked sensory changes 
and a complete left homonymous hemianopsia. 
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In 1933 Dandy reported the anal 3 rsis of three similar cases -nhich had 
been operated upon earlier. Two of these are of interest to our study In 
Case 1 he removed the right cerebral hemisphere except for a part of the 
occipital lobe, the medial and postero-iiiferior part of the temporal lobe 
and the basal ganglia on June 4, 1923 Approximately seven veeks later 
the left arm was completely paralyzed, the left leg could be flexed at the 
knee but -not extended There was no increased resistance to passive ma- 
nipulation, but the tendon reflexes were greatly increased. The abdominal 
reflexes Avere all present and equal, whereas earlier they had been abolished 
on the left side. Although the patient survived for tivo more years, no 
further observations are reported. 

In Case 2 the right cerebral hemisphere, except for the basal ganglia, 
was removed The patient developed no movement in the upper extremity 
and only slight movement of the foot, but no movement of the toes, hip, 
or knee. 

In none of Dandy’s eases was the movement m the lower extremity 
sufficient to allow the patient to walk. 

In Rowe’s (1037) case, six months after the operation, the patient was 
able to raise the left arm only about six inches from her lap, but power in 
the left leg recovered to “about 75 percent of normal on individual move- 
ments” and she was able to walk with the aid of a brace. 

It is obvious from these studies that even after removal of the entire 
precentral motor cortex on one side, it is possible for the patient to recover 
sufficient voluntary control over the lower extremity to permit him to move 
the extremity at the hip and knee and to walk quite well. As has been 
previously pointed out, all the evidence points toward such recovery being 
due to innervation from the ipsUatcral precentral motor cortex. On the 
other hand, all the evidence indicates that in the adult man there is 
not sufficient ipsilateral innervation to produce any movement of the upper 
extremity. There is no evidence that the basal ganglia can produce volun- 
tary movement in either extremity in the adult human being. 

Accordingly, in the cases recorded here, it must be concluded that 
all movements m the upper extremity must be due to the function of that 
part of the contralateral precentral motor cortex ivhich was not removed. 
As might be anticipated, the amount of movement appears to be roughly 
proportionate to the amount of precentral motor cortex loft. Thus, when 
only the “arm” area is removed and the “leg” area as well as the lower 
part of the precentral motor cortex is loft behind, as in Ca«e 2. tlio amount 
of movement wliich reco\ers is much greater, particularly in the distal 
parts of the extremity than in those instances, e.g., Case 4, wlicre both 
the “arm” and “leg” aieas arc removcfl. Even in that ca«o, howp\er, the 
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lower part of tlie precentral area alone is able to establish a very full range 
of strong juoveinents at the proximal joints. 

In the case of the lower extremity, it is not possible from these studies 
to ascertain-how much of the rccoverj' was the result of ipsilateral and 
how much the result of non-somatotopic contralateral innervation. How- 
ever. the fact that in all of my cases, including several not recorded here, 
where there was considerable preoperative hemiparesis useful movement 
sufficient to allow them to walk well returned, would seem to indicate, in 
comparison with Dandy’s experience, that the contralateral innervation 
played no small part. The practically complete recovery of movement of 
the foot and toes in Case 1. in contrast with all other cases where more 
of the leg area was extirpated, would indicate that area 6 in this region is 
quite capable of establishing practically normal mo\ement independent 
of area 4y w hich was largely removerl. 

It is obvious in all cases where the representation of both the arm and 
leg is removed that the recovery is greater in the leg than in the arm. 
However, it should be pointetl out that this difference is often not as 
marked as it appears. The reason lies in the functional activity of these 
two members. The lower extremity is primarily a support and a rigid leg 
which can be moved from the hip and to a lesser extent at tho knee is a 
verj' useful member of the body. But an upper extremity, being primarily 
prehensile, which can be moved to the same degree at its two proximal 
joints but whose distal joints are rendered immobile, is almost useless. 

It should also be pointed out that whereas the principal cortical repre- 
sentation of an extremity in the “arm ’ or “leg” area of the precentral 
gyrus is concerned with all moiements. the secondary areas which take 
oxer activity when the primary ones have been destroyed are capable of 
establishing movement only in the proximal joints. This is true whether 
the secondary areas be other parts of the contralateral precentral motor 
cortex or. in the case of the leg. are m the ipsilateral cortex. 

Atrophy 

It has been commonly taught that whereas atrophy characterizes de- 
struction of the “low-er motor neuron” it is not present with lesions of the 
“upper motor neuron.” Like most generalizations this is only relatix-ely 
true — Head and Holmes (1911) and more recently Winkelman and Silver- 
stein (1932) have commented on the occurrence of atrophy with “post- 
central lesions.” Fulton (193S) is of the opinion that in these cases the 
atrophy results from encroachment of the lesion upon area 4. Fulton 
(193S) himself obseiwecl in the chimpanzee an atrophy of from 30 to 50 
percent in the affected muscles after destruction of area 4, but such atro- 
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phy -was notably absent following removal of the postcentral convolution 
and other parts of the parietal lobe. 

The present cases clearly demonstrate that measurable atrophy will 
also develop in man following destruction of areas 4 and 6 together It is 
certain that such atrophy is not as severe as that which follows sectioning 
of the peripheral motor nerve or destruction of the anterior horn cell, and 
it IS likely that the atrophy following removal of area 4y alone is greater 
than that following ablation of the entire precentral motor cortex (areas 
4 and 6). 

I agree with Fulton (1938) that this atrophy is probably the result 
of disuse. The greatest disuse is with a flaccid paralysis, hence the greatest 
atrophy. With spastic paralysis the muscles are engaged in reflex muscular 
contraction, even though not in voluntary activity, hence atrophy is 
not as great with spastic as with flaccid paralysis. As a relatively more 
flaccid paralysis results from destruction of area 4v alone, whereas a spastic 
paralysis follows destruction of areas 4y, 4a, 4s, and 6, atrophy is probably 
greatest with lesions of area 4y alone. 

Spasticity and Hyperreflexia 

Fulton and his co-workers have thoroughly established the fact that, m 
subhuman primates, the precentral motor cortex controls the postural 
reflexes by inhibition. It is obvious from the cases recorded here that the 
same is equally true for man. By their nature, these cases throw little light 
on the presence or actu'ity of the “strip” area (area 4s) lying between 
areas 4a and 0, which Hines (1936, 1937) has shown to be that part of tlie 
precentral motor cortex in subhuman primates w’hich is most concerned 
with this inhibition It is not unreasonable to assume that such a strip 
exists in man, and as noted above (p. 380) I have recently been able to 
demonstrate its presence physiologically in two cases (Bucy and Carol, 
1944). Bonin (Chapter II) calls attention to the fact that in man there is 
a narrow band of cortex with its own peculiar cytoarchitecture lying along 
the ptwiewtral swieus between area. 4a and area Cv (frontispiece) . 

While the nature and distribution of the spasticity is the same as tliat 
seen in the usual capsular lieiniplegia, it is not as severe. It involves princi- 
pally, though not exclusively, the flexor muscles m the upper extremity 
and the extensor muscles m the lower extremity. Like the spasticity asso- 
ciated with capsular lesions and that seen in the decerebrate cat, it is a 
“clasp-kmfe” spasticity, characterized by the lengthening and sliortcning 
reactions, and associated with hyi>oractivity of the tendon reflexes. How- 
e\cr. to repeat, in none of my cases did the .‘ipastirity after the operation 
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become as severe as that conrmouly seen after capsular lesions. This is ivell 
illustrated by the fact that in all cases the arm luing at the side when 
the patient was walking ami did not assume the flexed or semifiexed 
position, so commonly seen in capsular hemiplegias. 

Similarly Dandy (1033) in his Case 1 noted that almost seven aeeks 
after removal of most of the right cerebral corte.x. including all of the pre- 
central motor cortex, there was no increased resistance to passive manipu- 
lation, although the tendon reflexes ^^ere greatly exaggerated Gardner 
(1933) m observing his patient twenty months after a similar operation 
gives little detail but noted “spasticity which varied from time to time ” 
Rowe (1937) states that six months following such an operation he found 
the upper extremity to be “moderately spastic” and that it “shows no con- 
tractures." He does not comment on the spasticity m the lower extremity. 

Furthermore, it is a common experience that the spasticity associated 
with lesions in and about the nud-bram (Bailey. Buchanan, and Buey, 
1939) or with destructive lesions in the spinal cord is far greater than that 
seen •iMth cortical or capsular lesions But m such instances the nature 
of the spasticity is not altered: it is merely increased m intensity 

These facts m no way argue against the inhibitory action of the pre- 
central motor cortex on the postural reflexes winch when released give 
rise to spasticity. They merely indicate that the cortical inhibitory control 
IS re-enforced by various subcortical centers before it impinges upon the 
final common pathway in the spinal cord Present evidence (McCulloch 
Graf, and Magoun. 194G; and others: sec also p. 265) indicates that the 
inhibitory influence passes downward from area 4s (and probably the other 
suppressor strips, areas 8. 2. 19, and 24) to the bulbar reticular formation 
and thence via the ventro-lateral fasciculus of the spinal cord to mter- 
nuncial neurons m the anterior grey horns and then on to the anterior 
horn cells It seems likely that this complex mechanism is not merely a 
simple relay for the transmission of inhibition from the cortex to the final 
common pathway. The obseiwed facts indicate that the mechanism itself 
contributes something to this effect 

Forced Grasping 

Forced grasping, as Bieber and Fulton (1933. 193S) pointed out. is part 
of the righting-reflex mechanism In the subhuman primate, it is under 
the control of area G and appears when that area is destroyed. In man 
forced grasping is usually associated with destructive lesions m the pos- 
terior part of the first frontal convolution (Adie and Critchley. 1927: sec 
also Chapter XVI). Our experiences reported here, in which forced grasp- 
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ing ^\as not seen, indicate that the region concerned \\ith the inhibition 
of this reflex does not occupy the most posterior part of the first or second 
frontal convolution. It may be somewhat farther forward. 

Babinski’s Sign 

The observations recorded here are in complete accord with the con- 
clusion reached by Fulton and Keller (1932a) that Babinski’s sign becomes 
obtainable after the uppermost part (“leg” area) of area 4r (the area 
gigantopjTamidalis) or its projection fibers are destroyed. 

Abdominal Reflexes 

These observations raise some most interesting questions about the ab- 
dominal reflexes. Removal of the precentral motor cortex inaj' tempo- 
rarily reduce or even abolish the contralateral abdominal reflexes but 
subsequently they return and usually regain their original intensity. Dandy 
(1933; Case 1) noted a similar effect after removal of the cortex of the 
right cerebral hemisphere, nhereas Gardner (1D33) found the abdominal 
reflexes absent tnenty months after such an operation. Similarly, it is a 
common experience to find the abdominal reflexes acti\e in an individual 
^Mth a congenital cerebral spastic paraplegia (Little's disease). 

These facts certainly indicate that the statements frequently made 
that the reflex arc of the abdominal reflexes passe* up the spinal cord to 
the precentral cortex and thence back down via the pyramidal tract to the 
anterior horn cell, or that the precentral motor cortex or the pyramidal 
tract are primarily concerned with this reflex, are in error. 

Vasomotor Control 

Unfortunately accurate obseiwafioiis were not made in a sufficient 
number of these cases to justify any definite conclusions, but the finding* 
in Case 3 support the experimental obsen'ations of Kennard (lD35a. 1930a. 
1937. and Chapter XI). There can be little doubt that the precentral motor 
cortex is concerned in some measure with the control of the va«omotor 
mechanism, as I ha^e previously pointed out (Bucy and Case. 1939; 
Bucy, 1935a). 

Sensation 

Horslev (1909) was definitelj' of the opinion that the precentral gjTU* 
was concerned with senson," perception Dus*er de Barenne (1935). a* the 
result of animal experiinenlation, was similarly impressed. The ob«erva- 
tions in the cases reported here might readily be similarly interpreted 
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Certainly profoimd sensory disturbances occurred. Their relatively short 
duration does not mitigate against Horsley's view, but might only indicate 
that the sensory functions ser\ed by the precentral gyrus were, after its 
destruction, taken over by other parts of the central nen’ous system. 

However, certain facts have led me to doubt that the observations 
made here indicate that the precentral gyrus has anything to do i%'ith 
conscious sensory perception One can not help being struck by the fact that 
the sensory deficit developing after extirpations of the precentral motor 
cortex varies tremendously. The various modalities of sensation were not 
always similarly affected in the different cases. In some the perception of 
light touch and of the pain produced by the pricking of a pin were pro- 
foundly affected, even lost, whereas in other instances these particular 
sensations were affected but slightly. This would certainly seem to indicate 
that whatever is responsible for the sensory change is far more variable 
and less definite than the removal of the precentral g>'rus which was 
common to all of the cases Recently, however, careful obseiwations have 
been made in two cases which seem eonclusiie in this connection. They 
will be briefly recited. 

CASE 5 


E S, a ^oung min 27 \Pir- old w.is ad- 
mitted to the lllifiOis ^f■u^o^v^)ch^Irlc In- 
•‘titutc on Februin- 11. 1942 Store lew 
months after an acute febrile illnc" pre- 
MiraaW% an encepbihti- .w the age of five 
vp»r>, he had suffered from a lefi spt-tir 
bemiparesia and a left uniliterai atheiosi- 


There n.«» no >->n'On tli-turbinee found on 
rMQimatioD On the .iflemoon of Fcbrii- 
.»rv 21 1942. the nehf central nrei wa- c\- 
l>ojed .tnd the are.i stimulated After de- 
Uuntatton of tho .uni’’ and lest’ area- 
ID the precentral p\ru« they were e\tir- 
IMiteil Po'tenorly the extirpation was car- 



Fig 119 (Ca-e 5) — Dugrammalie sketch of the field etpo-ed at operation The cros.-es 
just anterior to the central fi*Mjre indicate the point* from which electneal -timulation 
evoked movement in the part* on the left -ide of the bodv li-tcd on the left The area extir- 
pvtcd citcvmv«cnbevl bv a broken line The stippled are.i la the {“Ortioti of the cortex which 
w.ts ile'troved by exteu'ive iinvlercHttinp 
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ned out subpially iq older to &>oid rajxirmg 
the rolandic \essels and the postcentral 
gjrua as much as possible Anteriorlj, the 
extirpation included part of the first and 
second frontal convolutions (fig 119). He 
returned to his room at 6 15pm, folloning 
the operation. He was responding trell at 
8 15 pm. At 10 00 pjn , examination by 
Dr Irving J Speigel revealed a complete 
left hemiplegia with slight increase m re- 
sistance (o pas'ive movement. The tendon 
reflexes were increased on the left side as 
before the operation The abdominal and 
cremasteric reflexes were present bilateral!} 
and equally. Perception of light touch vras 
diminished on the left side and stimulation 
with cotton produced a burning sensation 
Perception of pm-pnek, vibration, and 
position of the digits wore onlj lightly 
diminished on the left side Slereognostic 
sense was verj’ poor The following day, 
awarenfso of light touch and piD-prick were 


only slightly dimim»hed, but position sense 
and vibratory sense, as well as sfereognosi«, 
were profoundly affected On the second 
post-operative da}-, the perception of light 
touch was markedly diraiai'hed, while pain 
sensibilitj- remained only =Iightly affected 
Within a few daj sensation began to re- 
cover When he was discharged on March 
24, 1912, one month after the operation, 
it was practically normal except for a 
slight defect m stereognosi'. The involun- 
tary movements were abolished and move- 
ments of the left arm and leg were as good 
as before the operation The involuntary 
movemeuts were still abolished fourteen 
months after the operation (April 28, 1913) 
The hemiplegia was approximately as before 
the operation, but he walked better because 
there was no longer anj interference from 
the involuntary movements. He is em- 
ployed full time m an industrial job. 


CASE 6 


H Z. a young man 22 years old. was ad- 
mitted to the Illinois Neuropsjchiatric lo- 
<titute on May 18, 1912 He had suffere<l 
from s left spastic hemipare*i> and left 
unilateral athetosis since the age of six 
months The cau«e was unknown Fneu- 
moencephalogTaphic studies revealed a 
large calcified ma«s in the region of the 
right basal ganglia There were no sensorv 
deficiencies. On the afternoon of June 16, 


1912, the "arm” area of the right precentral 
region was removed and the "leg” area ex- 
ten«i\ely undercut (fig 120) He returned 
to his room at 6 00 pm At 11 00 pm he 
was responding vrell At 11 30 pm. he was 
exsmiD^ for perception of pin-prick and 
no defect was found The following morning 
(be same was true but by' noon a slight 
hvpalgesia was present m the left lower 
extremity There was no loss to light touch 



Fic 120 (Ca-e 6) —Sketch of the field expos?d at operation Tlic roiilts of electrical 
stimulation .nrc mdicited on the left The area cxtirpitcd is cireum-enbed by a broken linn, 
the region winch wjs iinilcrriit i« “tii'plcd 
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or Mbn\tiOTi and the senje of po-ition "Ba* 
intact Stereopnosis definitely deficient 
m the left hand The left arm tva*. com- 
pletelv paralyzed but «omc % oluntary mo^ c- 
nient was pos'ible in the left lower extrem- 
ity That e\enins the sen'orv ^tatii^ was 
unchangecl and he was able to rett^ize 
lorrectly numbers written in the left palm 
On the second post-opcrjti\e da\ the 'light 
hjpalpesia persisted two-point disciimma- 
tion was diminished, numbers written in 


the left i^alrn were no longer recognized, 
and sense of position was grossb defecti'e 
When he was discharged from the hospital 
two weeks after the operation there was 
some improvement in sensation The in- 
voluntary movements are aboli'hed and he 
has since recov ered as good a U'e of his 
left extremities as he had before the opera- 
tion The involuntary movements were still 
completclv abolished 10 months after the 
operation (April 28, 1943) 


In these two cases there was little evidence of sensory loss soon after 
operation. In still others (which xmU be reported in detail elsewhere) 
special attention was paid to this point. They were examined as early 
as possible following operation and no evidence of any sensory loss was 
demonstrable. But within twenty-four hours the sensory loss was obvious, 
soon became profound and remained so. as in the other cases, for many 
days. These cases strongly indicate that the sensorj' loss which develops 
following these operations is not the result of removal of the precentral 
motor cortex but appears later, after edema and vascular alterations have 
had an opportunity to interfere with the activity of the cortex lying 
posterior to the central fissure. 


Bowel and Bladder 

The cases recorded above throw no light on the question of the repre- 
sentation in the precentral motor cortex of the voluntary control over the 
rectum and bladder and their sphincters It is generally believed that the 
cortical control over these structures is located bilaterally m the para- 
central lobules. Certainly neither m the cases recorded here nor m any 
other case in which I have operated has a unilateral lesion of the precentral 
motor cortex, including the paracentral lobule, resulted in any disturbance 
of the functions of either bowel or bladder. Xumerous observers have, 
however, reported such disturbances following bilateral lesions in this 
region. The following is a typical example. Unfortunately, however, it does 
not assist us in the precise localization of these functions 


CASE 7 


F M . fcnnle. 31 jeirs of age, w.is first jd- 
mitfed to the University of Chicago C^itiUN 
on Janiur>' 7. 193S In June of 1937 she had 
begun to -uffer from localized convul-ive 
seizure- involving the left leg Weakne-« 
.ind atroivhv of that extremity and numb- 
ness of the third and fourth fingers of the 
left hind gridiull.v developed .is the«e at- 
tacks recurred Examination revealed a left 


siMistic heinipare«is which vva® more intense 
in the lower extremity and a slight diininu- 
tion of vibratorv and position senses on the 
left side On Janiian 11, 193S, an angio- 
blastic meningioma vva« removed from the 
right upper central region A small nodule 
wa« left in the superior longitudinal sinu- 
Following the operation the bowels and 
bladder functioned well A severe weak- 
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ness of the left arm persisted She was dis- 
charged from the hospital on January 21, 
1938. 

She was readmitted on December 6. I&IO 
She had had no con\ unions and had been 
able to be up and about doing her own 
housework In Ko%einbet, I&IO. she had 
developed weakness in the right leg and for 
two weeks before this admi'Sion the right 
arm had been growing weaker On Decem- 
ber 7, 1940, a memngioma completely oc- 
cluding the superior longitudinal sinus and 
extending to either side but mostlj’ to the 
left, was completelj’ remov cd Immediately 
following the operation she had a complete 
paraplegia with retention of unnc Monro 
tidal drainage was instituted At first the 
bladder was atonic but by the fifth post- 
operatiie day (12-12-41) it had become 
hj'portonic Gradually the tone diroini'hed, 
and the tidal drainage was discontinued on 
(he eleventh post-operativ e day Follovnog 


the ojieration she had marked di'comfort 
from intestinal di'tention. requiring the 
frequent u-e of rectal tubes and enema® 
The first spontaneous bowel niov cnient oc- 
curred on (he seventh po-t-operatne daj 
The right arm was strong immediitclv after 
the operation The legs recovered slowlv 
On January 28, 1941, fiftj-tno da.v» after 
(he operation, her phjsician. Dr H R Var- 
nej of Kewanee, Illinoi', reported that 
the bowel movements were regular and 
normal There was no disturbance of the 
functions of the bladder except that laugh- 
ing would at time* cau-c slight inv oluntary 
dribbling of urine U hen last seen on July 
20, 1942, over eighteen months after the 
last operation, she had perfect control over 
both the bowel and bladder and thev 
functioned normally. However, .a marked 
spastic weakness of both lovier extremities 
still persi'ted 


Langworthy, Kolb, and Lewis (1940) have pointed out that the 
cerebral cortex exercises a control over the reflex activity of the bladder 
similar to its inhibitory control over the postural reflexes of the skeletal 
musculature. When this cortical control is removed a hyperreflexia de- 
velops, characterized by urgency, frequency, limited capacity, and a 
markedly heightened contractility of the bladder in response to rapid 
filling. 
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INVOLUNTARY MOVEMENTS 


W ITHIX RECENT YEARS clear-cut evidence has been pro- 
duced establishing the relationship of the precentral motor 
cortex to various abnormal involuntarj' movements of the 
skeletal musculature. This demonstration had been anticipated many 
years before bj’ a few physicians endowed with a very keen insight, but 
their observations and deductions had been largely either forgotten or 
ignored prior to the last decade. Parkinson as early as 1817 had observed 
that the tremor at rest characteristic of the “shaking pals>'" disappeared 
following the development of a hemiplegia from an apoplectic ictus. 
Horsley in 1909 reported that in three cases of unilateral athetosis he had 
abolished the iiivoluntar>’ movements by removing the precentral gyrus. 
Others had made similar observations both as to the tremor of paralysis 
agitans (Patrick and Levy. 1922) and as to athetosis (Anschutz. 1910; 
Payr. 1921; Xazaroff. 1927; Polenow. 1929) However, it remained for 
Kinnier Wilson (1929) by a verj’ careful consideration of the entire prob- 
lem to reach the conclusion “Since the movements fof choreo-athetosis] 
are active and continuing, for their existence relative integrity of some 
efferent path is a sine qua non. Many cogent arguments suggest that this 
path is the corticospinal path." However, although Kinnier Wilson was of 
the opinion that the corticospinal path conducted the impulses responsible 
for the involuntary movements to the spinal cord, he did not believe that 
the Betz cells or the area gigantopyramidahs could produce such move- 
ments unaided. He reasoned: “For the complex movements of chorea, to 
take an e.xample. we must postulate a motor centre higher in a physio- 
logical sense than that of the rolandic motor region, and both clinical, 
pathological, and experimental evidence suggests that such a centre lies in 
front of the rolandic area." How beautifully in this statement he saw the 
necessity for the existence of the premotor area lying in front of the area 
of the Betz cells — an area which was shortly to be demonstrated! In spite 
of Kinnier Wilson’s well-reasoned conclusions, the neurological world was 
hesitant to accept them aiul awaited more positive direct proof. 

Choreo -Athetosis 

In 1932. Buchanan and I reported a confirmation of Horsley's observa- 
tion that removal of the precentral region would abolish the involuntary 
movements of athetosis. Since then I ha\-e repeatedly made the same 
observation (see Cases o and 6 in Chapter XIl ). As many of these cases 
have recentlj’ been reported in detail (Bucy, 1940). they will not be re- 
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corded here. In 1935, Sachs reported a similar confirmatory series of three 
cases. By other neurosurgeons I have been informed of several similar 
observations which have not been published. 

Although Bucy and Buchanan (1932) postulated that “the athetoid 
movements were effected by the area 6aa, . . . , and that this area pro- 
duced its effect by efferent impulses which passed via subcortical (extra- 
pyramidal) centres to the spinal cord and the anterior horn cells,” it would 
be impossible to prove this contention w'ithout further evidence. The re- 
moving of the precentral region destroys both the pyramidal tracts and the 
parapyramidal tracts which arise from areas 4 and 6 and descend to sub- 
cortical centers (Bucy, 1936). Either might therefore be responsible for the 
involuntary movements of choreo-athetosis An earlier case of Jakob’s 
(1932, Case 18) strongly indicated that the pyramidal tract was not con- 
cerned In that instance a patient wuth a luetic infection had a severe 
athetosis and subsequently developed a hemiplegia. With the onset of the 
hemiplegia the athetosis vanished, and though the hemiplegia lasted but a 
few' days and then almost completely disappeared the athetosis never 
recurred during the remaining eighteen months of the patient’s life. As it 
must be assumed that the pyramidal tract received only minimal injury in 
this case, it seems likely that the involuntary movements were produced 
by some other fiber system which was more completely destroyed. Further 
indirect evidence in support of this view- was presented by Bucy and Case 
(1937; see also Bucy, 1940). They demonstrated that large doses of the 
barbiturates will abolish the involuntary movements of choreo-athetosis 
for many hours after the patients have aw’akened from the sleep induced 
by the drug and have regained voluntary control over their extremities 
almost comparable to their control before the drug was given. Fulton and 
Keller (1932) had showm that although the barbiturates depress in some 
measure the excitability of area 4 they almost completely suppress that of 
area 6. It was for this reason that in studying the electrical excitability of 
area 6, 1 had chosen ether as the anaesthetic agent (Bucy, 1933). In view 
of this selective depressani actioti o£ the barbiturates for area 6 it n-as 
concluded that the selective action of these drugs on the involuntary move- 
ments of choreo-athetosis was further evidence that the pathw’ay re- 
sponsible for these movements %\as the parapyramidal rather than the 
pyramidal system. 

As it is impossible to destroy separately either the pyramidal or the 
parapyramidal system by a cortical lesion or by a lesion in the internal 
capsule, there being considerable overlap of the two systems in both places. 

It remained for Putnam (1933 and 1938) to perform the crucial experi- 
ment. He demonstrated that the involuntary movements of choreo-atlic- 
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tosis can be materially diminished or even abolished by destruction of the 
anterior fasciculus of the spinal cord without injury to the lateral cortico- 
spinal tract. This leaves little doubt that the cortical extirpations are 
effective because they destroy the efferent fibers originating from the pre- 
central motor cortex other than the pyramidal tract, i.c.. the parapyramidal 
sj’stem. 

The fact that these anterior cordotomies do not always completely 
abolish the involuntary movements or do not abolish them permanently 
does not appear to me to be argument to the contrary. For instance in a 
case previouslj’ leported (Bucy. 1040. Case 5), an anterior chordotomy by 
Oldberg abolished the athetotic movements completely for at least three 
weeks. They then returned to a slight extent but remained greatly dimin- 
ished for over a year and a half and never returned to their original 
seventy. It seems obvious that this profound effect for over one and one- 
half years must be attributed to section of extrapyramidal fibers in the 
anterior fasciculus, and that the return of some involuntary movement 
must be attributed to some extrapyramidal fibers having escaped destruc- 
tion. At no time was there any reason to believe that the pjTainidal tract 
had been injured by this operative procedure. 

As Levin ( 1936) has shown, the parapyramidal system is a complex one 
(see Chapter V). It arises from the entire precentral motor cortex and 
descends to various subcortical nuclei, including the substantia nigra, the 
tegmentum of the mesencephalon, the pons, and doubtless the basal 
ganglia and numerous other loci. Which group or groups of these fibers are 
responsible for the movements of choreo-athetosis is not clear. As destruc- 
tion of the caudate nucleus and putamen is commonly associated with such 
disorders, it seems most unlikely that corticostnatal fibers could produce 
these movements. Until further evidence is forthcoming, this aspect of the 
problem must remain unsolved. 

For the present we may conclude that the involuntary movements of 
choreo-athetosis are produced by nervous impulses arising from the pre- 
central motor cortex, traveling from there to some subcortical center, and 
thence being relayed by secondarj' or tertiarj' neurons down the spinal 
cord, via the anterior fasciculus to the anterior horn cells. 

Tremor 

Tremor, as a clinical manifestation, is divisible into two main groups 
^vhich have no etiological connotations. They are tremor at rest and inten- 
tion tremor (also known as action tremor). Every tremor consists of an 
involuntary (unbilled) oscillating inoTCinent of a part, produced either 
by alternating contraction and relaxation of the muscles involved or by 
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alternating contractions of protagonists and antagonists (Hoefer and 
Putnam, 1940; Hoefer, 1940, fig. 223). Tremor at rest occurs in parts 
which are supported and which are not at the time involved by voluntary 
muscular contractions. Intention tremor occurs in the part when its mus- 
culature is being contracted voluntarily. Most such tremor is seen when the 
part IS being voluntarily moved, but static tremor is another less common 
manifestation of intention tremor. Static tremor is present when the part 
IS being voluntarily held still against the force of gravity, as when the head 
IS held upright or the arm is held outstretched. 

It IS not to be assumed how'ever that these two forms of tremor invari- 
ably occur separately. They are commonly present in the same individual 
Although tremor at rest is typical of Parkinson’s disease, intention tremor 
may also occur in this condition. Patrick and Levy (1922) found it in 
thirteen per cent of their 140 cases. In hepato-lenticular degeneration, 
Wilson’s disease, both forms of tremor are usually present, although the 
action tremor is commonly the more violent. The first patient whose pre- 
central motor cortex was removed for the relief of tremor suffered from 
both varieties as the result of a severe craniocerebral injury (Bucy and 
Case, 1939). 

That tremor at rest might be mediated by the pyramidal tract nas 
indicated early by Parkinson (1817) who found in his Case 0 that the 
tremor at rest which had been generalized was abolished from the right 
side during the two weeks that that side was paralyzed as the result of an 
apoplectic seizure. A similar observation was made by Patrick and Levy 
(1922). However the lesions in such instances of vascular disease are 
usually so diffuse or so extensive that discrete localization to one pathway 
IS impossible. This has been clearly brought out by the recent careful path- 
ological study of such a case by Balscr (1942). Until the surgical attack 
upon this type of tremor, w'hich was first made in October, 1937, there was 
no other evidence as to what neural mechanism produced and conveyed 
the impulses which produced the tremor. Obviously the subcortical center.s 
which w’ere previously destroyed by disease did not do so. 

In view of the fact that intention tremor develops only when the 
affected muscles arc voluntarily innervated, it is not surprising to learn 
that the precentral motor cortex and its efferent fiber systems are inti- 
mately connected with the production of such tremor. Aring and Fulton 
(1936) found that in monkeys the intention tremor resulting from dccorc- 
bellation is abolished by the removal of the precentral motor cortex, areas 
4 and G. 

With these facts as a background. I operated upon G. W. S. on October 
12, 1937 (see Case 3 in Chapter XIV; also Cucy and Ca«o. 1930; Bucy. 
1940, Case 4). He was suffering from tremor both at rest and in as'ociation 
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with voluntary movements, following a severe craniocerebral injury. The 
tremor was confined to the right side, was violent in the upper extremity 
and relatively mild in the lower. The representation of the upper extremity 
in the left precentral region was determined by electrical stimulation and 
extirpated (fig. 117. p. 367). The tremor was completely abolished and has 
never returned. In another case, on January' 11. 1940. the representation of 
the upper and lower extremities was removed from the right precentral 
region (fig. 118. p. 374) of a young man (C M.L.) suffering from a typical 
parkinsonian state involving the left extremities (Bucy. 1940, Case 7; see 
also Case 4. Chapter XIV). The tremor occurred both at rest and with 
voluntary movement. Again the tremor was completely abolished and has 
remained so. 

Subsequently Putnam (1940) reported two similar cases in which 
extirpation of the precentral gyrus resulterl in a marked diminution of the 
tremor uithout quite abolishing it. It is noteworthy that his extirpations 
apparently spared the anterior wall of the rolandic fissure and ^ere other- 
wise not as extensive as mine. 

Obviously, it would be impossible to conclude from the observation 
of these human cases whether the pyramidal tract alone, the parapyram- 
idal tracts, or all of the efferent fibers from the precentral motor corte.x 
produced the tremor. These observations differ from those made by Parkin- 
son. Patrick and Levy, and Balser in that they confine the effect to the 
precentral motor cortex, eliminating from consideration the other areas of 
the cerebral cortex and the subcortical structures. 

Houever. again Putnam (1940) uas to clarify the problem. Earlier 
(193S) he had demonstrated that section of the anterior fasciculus of the 
spinal cord did not affect the tremor of parkinsonism, and Foerster and 
Gagel (1932) had recorded a sonieuhat similar experience. It was there- 
fore obvious that at least those parapjTamidal fibers which mediate the 
nervous impulses responsible for choreo-athetosis were not concerned in 
the production of parkinsonian tremor. Having been informed by cor- 
respondence of our results following cortical ablation with G. W. S. on 
October 12. 1937. Putnam was stimulated to section the pyramidal or 
lateral corticospinal tract in the cervical spinal cord in such a case. This 
be did on March 4. 1938, with complete abolition of the tremor at rest but 
with the persistence of slight but perceptible tremor in association with 
voluntary nio\einents. In all he has reported seven such operations (Put- 
nam. 1940a. b) following which the tremor has been almost completely 
relieved in the affected arm and leg. 

These observations of Putnams leave little doubt that in man it is the 
pyramidal tract which is primarily concerned witli the production of 
tremor. Recently Sachs (1942) has reported briefly an observation of his 
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which supports this conclusion. He removed tissue from the precentral 
region anterior to area 4 without affecting the tremor. It was only when the 
posterior part of the precentral gyrus was removed at a subsequent opera- 
tion that the tremor vas abolished. In a recent case (P de F, see p. 380; 
Bucy, 1945) tremor of long standing i^as immediately abolished by re- 
moval of .the posterior half of the precentral gyrus (area 4y) in the “leg” 
and “arm” regions. Later, hoT;\ ever, a slight tremor returned to the involved 
extremities. I am, therefore, forced to conclude that to obtain a complete 
and permanent abolition of tremor the entire width of the precentra! 
gyrus, from the central fissure to the precentral fissure, should be removed. 
This has been done successfully on several occasions. 

It is impossible at the present time to correlate Klemme’s (1940) ob- 
servations with what has just been said about tremor. Unfortunately no 
detailed description of his operative procedure has appeared, and it is 
impossible to be sure just nhat portion of the frontal cortex is included in 
the term "premotor cortical excision” as used by him. As noted above 
Sachs (1942) reported that he failed to relie%-o tremor when the cortex 
anterior to the excitable motor cortex uas extirpated and was successful 
only when area 4 y was removed. Putnam (1940a) states that White using 
the method outlined to him by Klemme “obtained only partial relief.” 
Putnam himself was unable to stop tremor by infiltration of the "pre- 
motor” region with one per cent procaine hydrochloride or in another case 
by the removal of a “large area of cortex anterior to area 0.” KIcmmc's 
series is by far the largest in which tremor has been treated by cortical 
excision The study of this extensive material will doubtless contribute 
greatly to our knowledge of the subject when it becomes available. 

llleyers’ (1940) observations are also difficult to evaluate. Of his eight 
cases four can hardly be meludetl in this consideration. In Case 3 an ex- 
tensive post-operative infection occurred; in Case 5 there was a hemi- 
paresis post-operatively, making that case comparable to cases where an 
apoplectic hemiplegia or extirpation of the precentral motor cortex has 
abolished tremor; in Case 7 an early post-operative death occurred; and 
Case 8 had only been under observation a few days at the time of tlie 
report. In the remaining cases it appears that in three (Cases I, 4, and 6) 
removal of the head of the caudate nucleus diminished but did not abolisli 
contralateral tremor. In Case 2 removal of the heads of both caudate 
nuclei diminished the tremor on one side while it was increased on the 
other To these observations must be added Putnam’s (1940a), who staled 
that in his case “the tremor was unaffected by leinoval of a large area of 
cortex anterior to area G and tlestructioii of the head of the caudate 
nucleus.” but that subsequently section of the anterior limb of the internal 
capsule resulted in a hemiparesis and abolition of the tremor. 
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Pathogenesis of Involuntary Movements 

The relation of the precentral motor cortex to the actual transmission 
of impulses which produce choreo-athetosis and tremor seems clear. The 
relation of this area to the systems which are destroyed and thereby re- 
lease the precentral efferent mechanisms to the production of involuntary 
movements is, however, speculative As these hypothetical considerations 
have been recently fully dealt with elsewhere ( Bucy. 1942). I shall present 
them only summarily here. 



Fig. 121 — The neural mech mi'tii of intention tremor The iDhibitor\ imi'uho ari-e from 
the precentral corte\ (area* 4 and 6) through the corticopontine fibers to the pontine 

nuclei, thence up the opposite middle cerebellar peduncle to the cerebellar cortex, then to tlie 
dentate nucleti', upward through the '•uperior cerebellar j>e<luncle to and through the red 
nucleus to the postero-meilial put of the xentro-lateral nucleus of the thalamus 

(FX.), which in turn projects onto the precentral cortex, more onto area 4 than area 6 
UTien this inhibitor? mechani'iu i- mtemipted anx-where from the dentate nucleus to the 
xentro-lateral nucleus of the thalamus mclu-ne the reraoial of these inhibitor?- impulses 
from the precentral cortex results in the association of intention tremor with all of the xol- 
iintar? moxements produced pruninh- b\ the activit?- of the p?TainidaI fibers ari-ing from 
arei -1. .'ind to a lesser extent, po-siblv. bx the actixit? of the parjp?-Tamidal sxstem. 



Fifl 122 — The neur.ll inechanKm of choreo-atheto'ia The suppre«^or or inluhitorj ini- 
piiUes ari-e from the tuppre'-or 8tn]>s 8 and 4'« and p^-s to the caiuhtr niieleiK (f .V ) . thi \ 
pa's tbrouffh the stno-palhdal fibers to the globus palJidus, thence [lOiu the jntern li iIjU'Joii 
of the glob’t-i jKilhdit^ tlirough the ja$ctculut lenticiijarin (/i.) and «nsn lenticuliirf< ('if) 
into field III and through field H, into the antero-latcral part of the > entro-latcral miclou-i of 
the thalamus (.V L)- from there the thalimo-cortical fibers return the MipprC'-or iiiipiiNcs to 
the precentral cortex, more to area 6 than to am 4 If this suppre^'or niechani'iii h inter- 
rupted in the stnalum or the gtobtu palltdui or the thalamus, the p'tnip'jramitltil sirteiii 
irising from areas 4 and 6 "dl be releiserl to abnormal actixity, re-iiltine in the invcluntirj 
inoxements of ehorco-atlieto-H 

This diagram al-o illu-trafes possible pathwaja for similir suppressor fibers from 8 iimi 
4s to the caudate nucleus and globus paliidiis and thence to the rublhilamic nifileiK of laiss 
(C Lu\s) either bj «aj of the fa«riculus and an«a Ictiticulan-, and fields lb and il (I’uper), 
or b\ «a\ of a pallido-subtlnlaniic bundle from the extern il division of the globii- palli<lus 
11 ' de'Onbed bv Itan'On and Ran-on (liHD) IIow thcMj suppressor impuNes rttiim to tli< pre 
central cortex is uuhnoxvn. but tlieir interruption in the corjiiis I,u\s| results m hr iiubitli”iiius 
(This schema modified after I’apez) 




Involuntary Movements 


405 


reasonable that we are dealing with a controlling circular neural mecha- 
nism from the precentral motor cortex to the cerebellum, and back through 
the thalamus to the precentral motor cortex (fig. 121). When this “gov- 
ernor" is destroyed the precentral motor cortex discharging via its efferent 
fibers functions abnormally, and voluntary movements become tremulous. 

Choreo-athetosis is usually associated with destructive lesions of the 
caudate nucleus and putamen (Alexander. 1940). less commonly with 
destruction of the ventrolateral nucleus of the thalamus (Schuster. 1937). 
and still more rarely with lesions in the globus palliclus (Papcz. Hertzman. 
and Runclles. 193S). It appears most likely that these various destructive 
lesions remove a “governor.*' thereby releasing the precentral motor cortex 
to an abnormal state of hyperactivity nhich finds expression via impulses 
travelling to the anterior horn cells through the parapyramidal fibers m 
the anterior fasciculus of the spinal cord Anatomically these various sub- 
cortical nuclei are connected in a neural circuit which passes from the 
caudate nucleus and putamen to the globus pallidus and thence from 
the mternal dixisiou of the globus pallidus through the ansa lenticularis 
and fasciculus Icnticulans. through Forel's fields H* and Hi into the ventro- 
lateral nucleus of the thalamus, and from there by thalamocortical fibers 
to the precentral motor cortex (fig. 122) (of. Bucy, 1942; Glees 1945) 
Dusser dc Barenne. McCulloch, and their associates (1940a. b) have shown 
that this circuit when excited suppresses the electrical activity of the pre- 
central areas 4 and 6. and further that this suppressor circuit is activated 
by two narrow bands of cortex lying in the precentral region (see Chapter 
VIII). One of these, known as 4s. lies between areas 4a and 6; the other 
S. lies just anterior to area 6 (fig 91. pp 232-233). This is another circular 
neural mechanism. It passes from the precentral region via the caudate 
nucleus, globus pallidus. and thalamus back to the precentral motor cortex 
Its destruction releases the precentral motor cortex to hyperactivity similar 
to the effects of destruction of the precentral-cerebello-dentato-rubro-tiial- 
amo-precentfal circuit discussed in connection with tremor 

The anatomical connections by which the corpus subthalamicum of 
Buys exercises an influence on the precentral motor cortex, which when re- 
moved gives rise to hemiballismus. are as j'et unknown. Likewise the an- 
atomical. pathological, and physiological data are incomplete which are 
necessary to outline the suppressor mechanism whose destruction gives rise 
to tremor at rest The destructive lesions associated with Parkinson's dis- 
ease are numerous and varied. Lesions of the substantia nigra are the most 
constant (Benda and Cobb. 1942). although the globus pallidus is also 
frequently involved (Alexander. 1940). With available anatomical knowl- 
edge it is possible to outline a circular suppressor pathway which may be 
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fact that traTismission of the motor ner\'e mipulses is reduced and simpli- 
fied to the primitive pattern of sj'iichronized innervation, alternating in 
antagonistic muscle groups.” because “the discharges conveyed through 
the extrapyramidal pathway's (Tvhich distribute the phasic innervation and 
guarantee smoothness of action) are out of order.’’ It is possible that this 
hypothesis finds some support in the recent observations of Hoefer and 
Pool (1943) that under certain circumstances, “The activity in the 
pyramidal tract occurs in bursts and groups of spikes synchronous with 
the cortical discharges, while the extrapyramidal activity is more con- 
tinuous ” I gather from the paper by Benda and Cobb that it is their 
opinion that the pyramidal tract “at rest.” not iniolved in the execution 
of voluntary movements, delivers neural mipulses to the anterior horn 
cells in rhythmical cynchronized groups while the extrapjTamidal fibers 
deliver nervous impulses at random Thus when both are intact the stimu- 
lation to the anterior horn cells is more or less continuous. But when the 
extrapyramidal influence is removed, leaving only the rhythmical syn- 
chronous discharge of the pyramidal tract, tremor results This may well 
be the correct hypothesis, although it. too awaits confirmation It would 
well explain the fact that tremor at rest is so often abolished by voluntary 
movement, for at that time the pyramidal tract is probably activated by 
an increased number of nervous impulses which are asynchronous 

Conclusions 

It appears most likely that (1) (he involuntary movements of choreo- 
athetosis are produced by nervous impulses arising in the precentral motor 
cortex and descending from there via the parapyranndal fibers to sub- 
cortical centers from which they are relayed to the anterior horn cells by 
fibers passing in large measure through the anterior fasciculus of the spinal 
cord. (2) Intention tremor and tremor at rest are produced by impulses 
X>assing from the precentTal motor cortex to the anterior horn cells via the 
p}Tamidal tract. (3) Choreo-athctosis arises when a circular controlling 
pathway passing from the precentral motor suppressor area (area 4s) and 
from area 8 to the caudate nucleus and thence to the globus palhdus, to 
the ventrolateral nucleus of the thalamus, and back to the precentral 
motor cortex, areas 4 and 6. is destroyed m the caudate nucleus, or less 
commonly in the thalamus or even the globus pallidus. (4) Intention 
tremor develops when a circular controlling pathway, which passes from 
the precentral motor cortex to the pons, the cerebellar cortex, the dentate 
nucleus, through the red nucleus to the contralateral nucleus of the 
thalamus and thence back to the precentral motor cortex, is destroyed in 
the dentate nucleus, the dentato-rubro-thalamic fiber bundle, or in the 
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thalamus. (5) Hemiballismus arises ^^hen a controlling pathway passing 
through the subthalamic nucleus of Luys is destroyed, but its connections 
are unknown. (6) Tremor at rest is associated with multiple subcortical 
lesions, though those in the substantia nigra appear to be the most con- 
sistently present. Such tremor may develop because of interruption of a 
circular controlling neural mechanism which passes from the precentral 
motor cortex to the substantia nigra, globus pallidus, ventrolateral nucleus 
of the thalamus, and thence back to the precentral motor cortex. Or, as 
postulated by Benda and Cobb, it may appear when asynchronous 
extrapyramidal nervous impulses fail to reach the anterior horn cells, 
leaving the field clear to a rhythmical synchronous discharge from the 
pyramidal tract. 
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CLINICAL SYMPTOMATOLOGY 

NALYSIS OF FUNCTION has depended often on painstaking ob- 
serration of persons suffeniig from disease by those equipped to 
jL JL deduce the underlying ph>'Siopathologj'. The substantiation of 
clinically gained information by tissue study considerably enhances its 
value This method often has had precedence in the resolution of problems 
surrounding the function of the cerebumi, and it retains a certain value 
despite extensive experimentation with lower orders of life. 

Unfortunately for those with restrictetl vision, but agreeably for the 
imaginative and alert clinician, disease does not cut like a knife. It ramifies 
rather irrelevantly in many instances; from a center of ma.vimum damage 
it graduates irregularly. A reasonable clinical analyst must consider this 
fundamental precept of pathologjL together with the fact that the signs of 
disease may be modified by many factors, among the most important being 
the general physical condition and the personality, to speak very broadly. 
Difficulty is added to clmieal analysis of nerxous disease because of the 
re\ erberation of effects m an organ as intricate and as exquisitely inte- 
grated as the nervous system. 

In human pathology, cases suitable for the illumination of the tunction 
of the precentral motor cortex are rare. When the lesions are limited more 
or less strictly to those produced by disease uithout benefit of surgical 
analj'sis (cortical exploration by electrical methods, and excision), and 
proxen by adequate histological study, they approach uniqueness. Obvi- 
ously this clinical method, when considered alone. xmII not go far toward 
elucidating function of the precentral cortex. It would seem redundant to 
note that the information contained in this chapter on the clinical symp- 
tomatologx’ of the precentral region is definitive only m so far as it may 
be correlated x\nth the substance of other chapters of the monograph, par- 
ticularly those concerning stimulation and extirpation of the cortex in 
man (Chapters XIII and XIV). 

Noxae. to which may be attnbuted the ability to affect or destroy pre- 
central cortex in a focal manner, might include trauma, circulatory dis- 
turbance. invasion (parasites), infection, toxins, degenerations, and tumor 
Sex’eral of these agents may be suminarily dismissed from consideration 
Vascular pathologj’. the single most instructive disorder in the field of 
cluneal neurology, is not helpful in this instance The gross circulation 
usually is not arranged conxenieut to this study for a single artery supplies 
more than one architectonic field in the frontal lobe, or more than one 
large \ essel cares for a single area. 
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Infections and toxins rarely involve the brain locally, and if they do, 
usually they are not demarcated according to architectonic fields of the 
cortex. Poliomyelitis might be considered an exception, since the cells of 
area 4 are rather exclusively damaged so far as the cerebral cortex is con- 
cerned. There is, however, so much concomitant involvement of roof and 
brain stem nuclei, anterior horns, and even sensory mechanisms that a clear 
analysis of the physiopathology of poliomyelitis remains to be made. 

Invasion of the nervous system by parasites is so rare that it barely 
merits mention. 

Degenerations, a term which blankets lack of knowledge, conceivably 
are pertinent to the subject. Amyotrophic lateral sclerosis might be 
thought to illustrate the clinical symptomatology of the precentral cortex 
since it has been considered to attack the pyramidal nerve cells of the 
precentral cortex rather selectively. Amyotrophic lateral sclerosis cannot 
be relied upon to elucidate ceiitral symptomatology since it is a disease 
which may involve all of the white matter of the cord except the posterior 
columns, as well as motor and other nerve cells of the spinal cord and brain 
stem, besides the precentral cortex. Moreover the pyramidal cells of Betz 
appear to be involved in only about one-third of the cases (Davison, 1941), 
and in these, not evenly. (See Chapter XVII.) 

Cases of congenital spastic paralysis may occasionally furnish a lead 
when local cortical atrophy ensues. Great caution must bo u.sed in the in- 
terpretation of frontal lobe signs in children. It is uell known that signs 
of neurological disease deviate from the usual in infants and children, 
depending on the stage of development reached by the nervous system at 
the time that damage occurred. The signs may differ from time to time 
before they become stabilized Remarkable compensation for neural deficits 
may ensue in the young, as has been observed frequently in humans (Mar- 
quis, 1935) and animals (Keniiard, 1040). There are other drawbacks to 
accurate interpretation of the causes of the signs of infantile spastic 
paralysis, among which not the least arc the conjunction of lesions wliicli 
occurred before and after birth and the fact that lesions of recent vintage 
are seldom subj'ected to complete neuropathological study. 

We are limited in this clinical analysis of the precentral cortex in man 
(excluding electrical stimulation and excision) to verified, local lesions 
chiefly produced by trauma or tumor. As a rule, in the former the skull 
must have been pierced, as by a shell fragment; in the latter the lesion 
must of necessity be relatively benign. This pre«entation deals particularly 
with the symptoms before (convulsions) and after the period of neural 
shock (diaschisis), if the latter is a consideration. In other wonI«. ca'cs 
particularly considered arc those that have become relatively stabilized 
or defined. 
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Syndrome of Area 4 [see FTontisf)tccc3 

The initial clinical symptom in a local lesion of the area immediately 
anterior to the Rolandic fissure may be focal weakness, or Jacksonian 
focal seizures beginning in the face, thumb and index finger, or in the 
great toe. Motor Jacksonian fits may be brought about by pathological 
processes causing irritation and sudden discharge of motor elements of the 
precentral convolution of one side in the first instance. The march of the 
convulsion most often extends quickly over the entire contralateral half 
of the body: it may be localized in one limb only or part of a limb, or 
confined to face and neck; frequently it crosses to the other side before 
leaving the first As a rule, convulsion dies out quickest in the segment 
first concerned and from other parts in the order of their invasion. The 
frequency’ of partial fits vanes enormously at times. They can become 
almost continuous (epilepsia partialis continua). Jacksonian fits may be 
the sole sign of a focal lesion, and their recession may be followed by local 
weakness or paralysis (Todd’s paralysis) and numbness. 

Since the anterior central convolution is composed of a large number 
of foci for movements of the extremities and of the trunk and head, it 
follows that circumscribed lesions in this area may produce contralateral, 
focal weakness or paralysis. Thus femoral, brachial, or facio-glossal paraly- 
sis or paresis following lesions of the superior, middle, or inferior third of 
the anterior central convolution respectively have been described. Bilateral 
paralysis of the feet has followed injurj’ to the paracentral lobules from a 
shell fragment Cases in which the fingers of one hand, or one or two fingers 
u’ere paralyzed have been recorded by several observers. An isolated 
paralysis of the thumb has occurred in circumscribed lesions of area 4. 
Foerster (1931) described a patient uho had Jacksonian fits always be- 
ginning with extension of the fingers, chiefly the fourth. She nas unable to 
adduct the fourth finger, the defect resembling paralysis of the ulnar nerve. 
The electrical excitability of all of the interossei was normal. At operation, 
three tuberculomas, not larger than the head of a needle, were situated in 
the motor area of the fingers at the anterior border of the anterior central 
convolution. 

It IS north stressing that localized lesions in area 4 are capable of pro- 
ducing quite localized paralysis coiitralaterally, which may resemble the 
weakness in peripheral nerve lesion. A shell fragment in the face region 
of area 4 resulted in permanent paresis of the muscles supplied by the 
inferior branch of the facial nerve. The tongue, mandible, and soft palate 
were not involved. The paralysis of the external pterj-goid muscle as the 
only sign of trauma to the inferior border of the anterior central convolu- 
tion has been recorded (Foerster, 1031). Buev* has noted paralysis of the 
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musculature of the thumb and the first and second fingers subsequent to a 
lesion of area 4. Atrophy is a usual concomitant of this form of cerebral 
palsy. 

One of the more striking deficits following lesions of area 4 is the con- 
tralateral loss of isolated movements. Movements of the proximal joints 
are the least disturbed, and the more complex, learned movements of the 
distal joints are those most pro- 
foundly affected. There is correla- 
tion between cortical motor repre- 
sentation for a given muscle group 
(see the Penfield and Boldrey ho- 
munculus, fig. 124) and the degree 
of paralysis that follows injury to 
area 4. The cortical representation 
for the shoulder is relatively small, 
whereas the representation of the 
digits occupies a considerably larger 
area of cortical surface. After dam- 
age to area 4 involving a rather 
large number of foci, the patient 
may never regain dexterity of finger 
movements, though he may be able 
to open and close the hand and the 
gross movements about the shoulder 
be relatively efficient (Foerster, 

1936a, b). Presumably isolated vo- 
litional movements m man depenil 
on the integrity of the nerve cells in 
area 4, as they most certainly do in 
the lower forms (Denny-Bronn and 
Botterell, 1038: Diisser do Boronne H:- 

extent of the motor and scn^oiy icpic'rn- 

aud Zimmeriuau, lQ3o-, Hu\es,l93< ; ut-TOa ot saimMs it. U-.e w.'.saI 

Tower, 1935). Wtor of nun (PenfieJd and lloldrej, I'll") 

Focal cortical palsies may be 

more or less transient Restitution may be attributed to the lafher (Iitfif’c 
representation of any single movement in the pre-Rolandic cortex 

In man, in contradistinction to the loner primates, other clinical iioiiro- 
logical signs of area 4 lesions are not clear. The lesions nhicli affect area 4 
111 man usually involve adjacent fields, such as a portion of area 0 or (lie 
posteriorly lying sensory fields (figs 2,3, pp 11-12). Tlie Ilabiiiski lespoii'c 
IS a rather constant phenomenon (Foerster, lO.lOb; Fulton and Keller, 
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1932). “Hypotonia” which results from lesions of area 4 in the lower pri- 
mates is rarely seen in cortical lesions in man, except as an initial effect. 
Lesions of the postcentral con\olution in man have been thought to result 
in permanent “hypotonia” and atrophy (Head, 1918; Head and Holmes, 
1911); the reported cases show e\’idence of damage close to the central 
sulcus. It is conceivable that impiiigment on area 4 may be responsible 
for the flaccidity. although interruption of the long association fiber tracts 
from the posterior cerebrum might be indicted without much evidence. 

It is not unusual to find sensory deficit in lesions limited to the pre- 
central cortex This is true particularly after acute insult. Usually sensa- 
tion improves gradually if the lesion is not progressive m nature. 

Unlike the result in the subhuman primate when a portion of area 4 
is involved, or if the lesion is confined priiiianly to area 4. the deep reflexes 
finally are alwaj’s increased, as usually is the resistance of an affected limb 
to passive movement after the peno<l of neural shock has passed. 

Area 4a — Lesions limited to area 4a or 4s of man are unknown. Ex- 
cisions involving this portion of the cortex have been done, but they have 
encroached on other cortical areas. Clinical elucidation of the function of 
these areas in man depends on studies utilizing stimulation, in which the 
precentral convolution has been explored consecutively (Chapter XIII). 
Utilizing this method, it seems clear that the closer one approaches to 
area 4y, the more does the result resemble that obtained from area 4y itself, 
while the more anterior exploration yields results resembling those ob- 
tained from more anteriorly placed cortical fields. 

Syndromes of Areas 6 and 44 [sec fig. Ill, f). 330} 

Area 6 — There is considerable discrepancy between the ideas of the 
various students of the frontal lobe about the symptomatology in man of 
lesions relatively limited to area 6. Fulton and his coworkers, perhaps con- 
diU<xv.^<A by tWw <if evtwpaUQWS. wx mnnkays, Q.wd Q,h,i.oxpa.wr.ees. have 

found pertinent similarity between the symptoms of premotor damage in 
man and of lower primates. Foerster. whose profound experience with cor- 
tical physiopathology in man alwaj's must be reckoned with, has recorded 
signs and symptoms of premotor deficit relatuely dissimilar to those 
described for monkeys and chimpanzees. 

There is agreement on the form of the seizure produced from area 0. 
Foerster particularly has pointed out that the Jacksonian seizures pro- 
duced by lesions of area 6 tend to be “adversive" in type, especially if the 
pyramidal tract has been interrupted by longstanding disease. In this type 
of convulsion, head and eyes are turned to the opposite side, the trunk 
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rotates to the opposite side, the contralateral arm and leg show complex 
sustained movements of all segments, and there results a tonic-clonic, juass 
convulsion of all muscles together. In some cases theJiead-and eyes move 
first, possibly due to the proximity of ihe Jesion do jirea S, the trunk fol- 
lows, and thentmoveineai'te of Ihe-ertremities occur. In other cases all of 
fhese-movemonis appear more or less simultaneously. In a few, the arm 
begins the movement, rarely the leg. Foerster has called this attack the 
adversive convulsive fit.' Sharply focal seizures beginning with a single 
movement denote a lesion near the Rolandic sulcus, obviously affecting the 
cells of area 4. In contradistinction, the convulsive movement produced 
from area 6 is complex. 

With destructive lesions confined to area C, Foerster (1936b) noted 
slowness of movement of the contralateral extremities, and difficulty in 
turning head and trunk to the opposite side. Rapid alternating movements 
were performed poorly, though isolated, single movements were normal 
Complicated movement, as is necessary for sequential acts, was affected 
It is significant that these signs disappear rapidly after ablation of area 
6 in man. According to Foerster, the failure of an "extrapyramidal” area in 
the frontal lobe is compensated for rapidly by other “extrapyramidal" 
areas in the parietal and temporal lobe, which appear to have the same 
function to some extent. 

Since Bruns (1892) described ataxia in lesions of the cerebrum, par- 
ticularly of the frontal lobe, many cases have been recorded of verified 
frontal lobe lesion producing signs which previously had been thought to 
be indicative of disease of the cerebellum. Thus, Frazier (1936) noted 
“signs of ataxia" in thirteen of fifteen cases of meningioma occupying the 
superior lateral surface of the hemisphere anterior to the fissure of Rolando. 
The signs were bilateral in nine instances, contralateral in three, and ipsi- 
lateral in one. He noted one or more of the following signs in 49 per cent 
of patients with frontal lobe tumor; staggering gait, Romberg sign, dyssyii- 
ergia, difficulty in performing rapid alternating movements, dysmetria. 
and nystagmus. These signs, resulting from frontal lobe lesion of one side, 
may be bilateral or of irregular distribution in the four extremities, and it 
has been thought that strict unilaterality of these manifestations speaks for 
a cerebellar rather than cerebral lesion. 

Foerster (193Gb) did not observe classical cerebellar signs in lesions 
limited to area 6, although for a few days after unilateral excision of this 

'It IS appropriate to gne roerster’s (1936(1) exact de-cnptton "Dis (la<i I'clfl Ci rm 
liichtjeld I't, welches den Korjier iind seine Teilc nach dcr Gepen^cife ein^tcllt, indcin diircli 
«eine Taligheit Kopf, Augen iind Rnmpt nach der GeReit-Pde pe\\t‘inlct v.Ptdcn, goht ji a'l-* 
dem Effekt der elektrischen Eeizung »ie aus dem Geprage dcs \on dKKTii Fclde au-'gchenden 
epiloptischen Krampfanfaltes untnitlelbar horror Icb habe di« Feld daher «hon 1D22 nN 
frontales Adiersivjeld bezpiehnet ’’ 
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area, patients inclined or fell toward the contralateral side and backwards 
In Foerster’s cases of frontal ataxia, observed particularly in widespread 
frontal tumor, it is remarkable that ataxia disappeared with excision of 
the area involved. Obviously the integrity of area 6 is not the conditio sine 
qua lion for normal equihbratory function of the cerebral cortex. The 
destruction of this area will be compensated for sooner or later by the 
activity of other healthy neural structures. This is a possible explanation 
for the absence of frontal ataxia in many instances, particularly where the 
lesion develops slowly. 

In lesions of area G past pointing may occur, or an extremity may 
wander toward the side of the lesion. This phenomenon may be present in 
one arm but not in the other; usually one finds deviation of the contra- 
lateral arm toward the side of the lesion and sinking of the same arm. The 
contralateral leg may cross m front of the other in walking, and in this 
case the ipsilateral leg deviates outward to avoid the crossed foot. These 
findings are not seen in all cases. 

It IS worth repeating that the deficit of slowly produced lesions of 
area G may be extremely meager. 

In considerable contrast to Foerster’s record of human premotor symp- 
tomatology (area 6) and m harmony with their findings in lower primates 
stands the case recorded by Kennard, Viets, and Fulton (1934). Their 
patient was a man. 34 years of age. who had an astrocytoma which was 
limited grossly to area 0 and the upper portion of area 4 of the right 
frontal lobe. 

Signs which appeared to be those of deficit of the premotor cortex were 
focal seizures of four years duration; the head and eyes turned involun- 
tarily to the left, and the left arm shook, though rigid and drawn up 
against the body. Unconsciousness then supervened. In later attacks, the 
left leg was involved in the sustained contraction and shaking. There had 
occurred increasing awkwardness and stiffness of the loft arm, and the 
patient became unable to use it for delicate manipulations, though a power- 
ful grip remained. For six months before operation ho had been unable to 
release the grasp of the left hand, and he had ceased using it since such 
effort was likely to bring on a seizure. For nine weeks before operation, 
the left hand was redder and warmer than the right hand, and at times it 
swelled for periods of an hour or two. 

On examination, the patient showed weakness of the left arm. particu- 
larly in the grip. The deep reflexes were slightly more active in the left 
extremities. There was ankle clonus on the left. The plantar responses were 
flexor in type. Any piessure on the flexor surface of the fingers of the left 
hand, particularly if it was sufficient to stretch the flexor muscles slightly. 
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caused strong involuntary grasping. Relaxation was slow and apparently 
involuntary. 

In slowly developing lesions of the premotor area the symptoms may 
follow a distinct chronological pattern. Generalized weakness of the con- 
tralateral extremities, especially of the grip, appears early. At first, this 
may be manifested by inability to perform skilled movements, particularly 
with the digits, without much demonstrable impairment of the motor 
power. The patient, however, may complain of local weakness despite the 
inability of the physician to demonstrate it. It should be remembered that 
“objective” tests for motor loss are among the crudest in neurology and 
that the patient’s word in this instance usually is better evidence than the 
physician’s impressions. 

With the lesion of area 6 that develops in a gradual manner, contra- 
lateral spasticity with increased deep reflexes, the sign of Hoffmann,* forced 
grasping, and vasomotor disturbances appear late. When well developed, 
the spasticity of a premotor lesion resembles that occurring in hemiplegia. 
This spasticity is a state of sustained contraction of the antigravity groups 
of muscles which may vary in degree from patient to patient. When the 
muscle is passively stretched, it resists to a certain point and then relaxes 
If the limb is then allowed to remain in the new* position for a moment it 
holds there like a “clasp knife,” w^hether it be after shortening or lengthen- 
ing Associated increase of the deep reflexes may be demonstrated m the 
fingers and toes (signs of Hoffmann, Rossolimo, and Mendel-Bechtcrew*). 

It is thought that contralateral fanning of the toes may occur on testing 
for the plantar response after premotor lesions. Exaggerated plantar flexion 
of the toes has been recorded. 

The grasp reflex may appear late m premotor lesions It is elicited by 
stimulating the skin of the palm of the hand with a long object (e g. the 
handle of a reflex hammer), stroking distally. Toward the end of the 

'This refle\ may be elicited bj snapping tlie .terminal phalan.\ of a fiDirer, usuilly the 
second, m *uch a manner as to bring about a sudden brief pull u[>on the flexor tnu'cles If (lie 
Hoffmann ie«pon«e la positixe the fingers and patticuUrly the thumb de'cnbe .v reflex luosi- 
ment of flexion The subject's hand must be reasonably relaxcxl, sorntiiue, it is aihanluKeoiis 
that the finger flicked be hj per-extended and at other times this finger is heller semi-flexed 
Both attitudes of the stimulated finger should be fried. The Hoffmann sign (W.irlenbcrg, liUo) 
may occur nith inrohemcnt of the cortico'pinal tract to the upper extremity, houe'cr, il 
m»y be seen m persons who are intact ncurologically and nho have h>perictuc deep reflexi- 
The Hoffmann sign is to be considered indicative of pyramidal tract le»ion only if elicited 
imilaterallj, or if it i» of unequ.al intensity in the two hands, or in the pre^encc of other 
indubitable evidence of pyramidal tract involvement 

'Tlie sign of Ro'solimo coa«isfs of plantar flexion of the toes, induced by a sudden pull 
on the flexor muscles The sign may be tested by flicking the toes (lor-ahv ird, by a light lap 
of the examiner 's fingers The sign of Mendcl-Beehteren is ehciled by tapping (he dor'um of 
the foot, Uiuaih the cuboid bone Plmtar flexion of the Iocs rc-ults cxittly as is the n^e in 
the Ro'solimo re-pon'C 
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maneuver, the flexor muscles of the finger are put on a slight stretch. 
If the grasp reflex is present a powerful flexion of the fingers ensues which 
the patient relaxes slowly and with difficultj'. The reflex is exaggerated if 
the subject reclines m the lateral recumbent posture with the affected 
extremity uppermost, and is diminished when he lies with the affected ex- 
tremity nethermost. When the clenched hand is empty or if it is actively or 
passively closed, voluntary relaxation is easy. It is sometimes difficult to 
evaluate the grasp reflex, particularly when the patient is not alert. If 
the response contains considerable volition in its make-up, it may be 
found that the grasp will release early despite the maintenance of pres- 
sure on the fle.xor muscles. Another method of evaluating the response is 
to request the patient who is able to cooperate to release the grasp. If 
he is unable to do so promptly, the response might be considered to be of 
leflex origin. The grasp reflex may be demonstrable in the foot contra- 
lateial to the cerebral lesion 

These grasping movements appear to be analogous with those met wdth 
in infants. The movements of the learning period become less automatic 
and more voluntary as motor patterns are acquired which supplant the in- 
herent reflexes. Conversely the loss of the former may uncover grasping 
movement which seems more oi less automatic m nature. 

The grasp reflex has been noted with lesions of the brain located in 
regions other than the frontal lobe It is noteworthy that Foerster (1936b) 
never observed any trace of the grasp reflex in any case of destruction of 
areas 0 or 4, or a combination of the two 

The reports of Wilson and Walshe (1914). Walshe and Robertson 
(1933). Adie and Critchley (1927). and Kennard. A’lets. and Fulton 
(1934). and others contain descriptions of patients with forced grasping, 
m whom the locale of the lesions as \erified at operation or autopsy was 
the posterior part of the frontal lobe, just anterior to area 4 

Vasomotor changes, such as edema or vasodilatation, in hemiparetic 
limbs are well known Evidence is meager in the clinical literature (Ken- 
nard, ^’lets. and Fulton. 1034) to complement the studies in subhuman pri- 
mates, in which it appears there is always a change m skin temperature in 
the contralateral extremities following lesions of the premotor areas (Ken- 
nard. 1935). Recently Bucy and Pnbram (1943) have noted localized 
paroxysmal attacks of sweating in association with a tumor underlying the 
lower part of area 6 and area 44. 

Psycliic changes have been reported associated with disease of area 6. 
consisting of emotional instability, change m character, confusion, or slow- 
ing of mental activity. Mental signs can hardly be of localizing value, 
since they appear with lesions of many portions of the cerebrum. 
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Area 44 — Foerster has recorded lesions in area 44 (his area 6b) which 
caused attacks of mastication, licking, swallowing, grunting, and croak- 
ing, and in one case rhythmic singultus followed by masticatory and lick- 
ing movements and then a typical Jacksonian fit. Abnormal sensations of 
the larynx, pharynx, and mouth may precede the motor phenomena. 
Foerster noted a special form of pseudobulbar palsy, the substratum for 
which was a lesion in area 44 of one hemisphere. The patient had difficulty 
in the control of the face, tongue, jaw, palate, and vocal cords. Movement 
was intact, but when speech was attempted dysarthria or even anarthna 
was the result. Consonants were pronounced with greater difficulty than 
vowels, in severe cases, speech was inarticulate; the difficulty was not 
in dropping or adding words, but in the sequence of sounds in uords; the 
change from one sound to the next was difficult, particularly if several 
consonants were close together. In one instance, a man with a subdural 
hemorrhage on the left was thought to have tetanus because of inability 
to move the jaws or to speak. Reference should be made to the excision 
and electrical stimulation of this area (Chapters XIII and XIV) for 
further information. 

Lesions of area 44 and areas immcdialely neighboring may cause 
apraxia. This is a defect in rapid and rather automatic performance in 
response to a command, and 'is often associated with loss of psychic 
elaboration (eupraxia) necessarily a precursor to initiating any motor 
act. In most instances this latter function is bilateral — the performance 
of one hand is planned in the opposite precentral and supramarginal gyri 

Apraxia of the larynx, tongue, and lips causes expressive aphasia, and 
the patient is no longer able to make the movements of articulation, even 
though he may know exactly what he wants to say. This is hardly the place 
for a consideration of the complexities of the disorders of speech (aphasia), 
which merit mention because of the importance of the inferior portion of 
the precentral cortex in the control of its organs. Reference may be had to 
the writings of Nielsen (1946) and others for aid in understanding dis- 
turbances of language. 

Syndrome of Area 8 [see Frontisfiicce] 

On irritation of this precentral cortical area (during convulsion) the 
eyes turn to the opposite side; occasionally the eyes may turn toward the 
opposite side and upward, and very rarely downward. The head does not 
participate in the reaction, if the disturbance remains local In a con- 
vulsion the eyes are turned by a series of clonic twitches to the opposite 
sale; then the movement may become tonic. The attack may bo limited to 
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the eye muscles, but in most cases it spreads to involve adjacent cortical 
areas (6 and 4). When the stimulus spreads, the eye movements are ac- 
companied by turning of the head and trunk to the opposite side and 
by sustained movement of the contralateral extremities, as described in 
lesions of area 6. If the stimulus spreads to area 4. clonic twitches of the 
contralateral side of the face, neck, and of the fingers may be expected, 
and thence possibly of the entire musculature of the extremities. Such a fit 
naturally might be confounded with one originating from area 6 unless the 
evolution of the attack is obsen^ed closely. 

With destructive lesions of area S, one may expect to find deviation of 
the eyes toward the side of the lesion and inability to move the eyes to the 
contralateral side or. on the other hand, there may be no demonstrable dis- 
ability of the ej-e movements. This factor probably depends on the acute- 
ness of the lesion; acute lesions might be paralytic while those of slower 
eiolution might be readily compensated for by other cortical eye-turning 
centers, (tree Chapter XII for a fuller discussion of this area ) 

Combined and Bilateral Lesions 

Obviously the deficit is worse with simultaneous or secjuential involve- 
ment of more than one area of the cortex. With combined lesions, one may 
expect any of the symptoms previously describetl m this chapter to be ac- 
centuated. and to be enduring rather than to recede as the stage of their 
inception passes. 

There is no reliable information on the simultaneous or sequential 
involvement by disease of one or more of the precentral cortical areas on 
both sides. The reader is referred to the surgical consideration of these 
matters (Chapters XIII and XH'). 

Summary 

An essay which attempts to breakdown the clinical symptomatology of 
the precentral cortex cannot be definitive. Possibly the exploitation of elec- 
troencephalography will assist ill the task in the future. This field is a 
difficult one, for here anatomy, physiologv', psychology, psychiatry, and 
neurologj* have exerted their influence, and the conglomeration of data is 
particularly difficult of analysis and presentation. Indeed, clinically there is 
little reason for doing so. A consideration of the basis of the matter — the 
complex anatomical feltwork, the connections of which extend far beyond 
the limitation of the precentral area, in fact to the frontal pole and far 
back into the sensory areas, as well as to the numerous subcortical gray 
structures — at once indicates the futility of attempts to break down the 
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function of the precentral region accurately. There is a peculiar danger 
in attempting to hold up to view part of a whole in this instance as in 
many another. 

It should be remembered that symptoms sometimes seen in precentral 
lesions are not specific, for many of them may be seen nith disease in areas 
other than the frontal cortex. For example, ataxia has been described with 
lesions involving other cortical and subcortical areas than area 6, as has 
been “forced grasping.” Clinical neurologists know full well that one or tw o 
signs of themselves may have little localizing value except when they cor- 
relate vith the entire picture. 

From a clinical standpoint it is more useful to indicate the signs that 
ina}' be present in disease of the frontal lobe, many of which ha%’e been 
described in the foregoing discussion. The syndrome of the frontal lobe 
may show such variance from patient to patient, as to be no syndrome at 
all. Every neurologist can recall a patient with a large unilateral frontal 
glioma whose only symptoms for months up to the day of operation i\ere 
facetiousness and other milder mental signs; or the symptomless case «ith 
a large frontal lesion revealed at Ihc autopsy table. 

The gamut of mental symptoms has been described in association iiith 
frontal lesions. While we are well aware that mental signs arc not signs of 
cerebral localization, the apathetic, slovenly, indifferent, uninhibited, face- 
tious, euphoric individual has been seen with enough frequency in associa- 
tion with frontal lobe disease to form a constellation in the minds of most 
neurologists. Reflex sucking is usually looked for, and also the grasping and 
groping which has been so thoroughly analyzed by Walshe and Robertson 
(1933); it should be obvious that the function of the first and second 
cranial nerves must be thoroughly analyzed, since they are readily im- 
pinged upon by space-consuming lesions of the frontal lobes Extremely 
mild differences in motor performance are carefully searched for in the 
face and extremities; one portion of the anatomy is, as always, compared 
with that of the opposite side. Unilateral diminution or ab':eiice of the 
abdominal skin reflexes neighs heavily in the consideration of some 
physicians as an indication of frontal lobe localization. 

To repeat, any of the symptoms and signs generally associated nitli 
frontal lobe disease may be seen in disorders of other parts of tlic brain. 
Frontal lobe s 3 'mptonis and signs varj’ acconling to the speed of devolop- 
ment of the lesion and other uiiknonii factors, vhich mo't likely relate 
particiilarlj' to the personality development, but al'o to complex ana- 
tomical connections as j-ct not clearly eluc«lafe<l. 
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The complexity surrounding a reasonable analysis of cerebral lesions 
was enunciated by Hughlmgs Jackson and summarized by Broadbent 
(after Walshe, 1942) as follows- 

“The functions of a centre in which a lesion has occurred are suspended, 
and corresponding symptoms may be called negative. These are, however, 
not the only symptoms; others, usually more obtrusive, and often infi- 
nitely more important, are produced by the activities of other centres, 
either (1) unbalanced in consequence of the absence of normally opposing 
activities; or (2) liberated from the control of higher level centres; or 
(3) intensified by attempts to compensate for the missing function.” 
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T he precentral motor cortex consisting «i iiicas o, 

and 44 of Brodmann (see Chapter II) is the seat of numerous 
physiological functions. Pathological states in these areas result in 
numerous neurological symptoms and signs. Outstanding among these are 
disturbances in muscle tonus — flaccidity and spasticity — alterations in the 
deep and superficial reflexes, disturbances in volitional skilled movements 
and behavior, focal or Jacksonian seizures, forced grasping and groping, 
and autonomic, extrapyramidal, and ocular disturbances. 

Although pathological lesions are seldom strictly limited to single areas 
in the cortex, there are, nevertheless, disease entities which involve these 
restricted areas. A syndrome or disease involving areas 4 and 6, or at least 
their efferent connections, is amyotrophic lateral sclerosis. In addition, 
there are a number of diseases of the central nervous system, such as 
tumors or vascular insults, which may affect the above areas and lead to 
symptoms which are directly attributable to their involvement or to in- 
volvement of their afferent and efferent connections. There are also a 
number of extrapyramidal disorders in which some of the symptoms could 
be correlated with implication of the above structures. Clinicopathological 
cases pertaining to these disorders, despite their limitations, will be used 
to illustrate the functions of these various areas As areas 4, 6. and 8, as 
well as their projection fibers, lie close together (see frontispiece and fig. 63, 
p. 137). and since disease seldom affects one area alone, these areas, espe- 
cially 4 and 6. will be treated together. 

As already stated, a disorder that affects these regions or their projec- 
tion system is anij'otrophic lateral sclerosis. The gross atrophy of areas 4 
and 6 in this disorder was first observed by Kahler and Pick in 1879. 
Kojewnikoff (1883) was the first to trace the degeneration of the pyram- 
idal tract from the motor cortex into the internal capsule, peduncles, 
pons, medulla oblongata, and spinal cord Charcot and Marie (1885), who 
confirmed Kojewmkoff's observations, also demonstrated the disappearance 
of the giant pyramidal cells from area 4 Sarbo (1S9S), Rossi and Roussy 
(1907). Probst (1903. 1906). Campbell (1905), and Spiller (1905) in 
further contributions stressed the involvement of area 4; Rossi and 
Roussy. Probst. and Campbell showed that area 6 was also partially impli- 
cated in this disease. In many instances of amyotrophic lateral sclerosis 
as demonstrated by ilarie (1928). Dercum and Spiller (1899). v’on 
Czyhlarz and Marburg (1901). Bertrand and van Bogaert (1925a. b). 
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Neri (1925), and Davison (1941), the degeneration could not be traced 
higher than the brain stem. Although Davison and others have shonn that 
this disease of the upper motor neuron originates in the giant pyramidal 
cells of Betz of area 4 in only about one-third of the cases, nevertheless, the 
resulting symptomatology will be similar no matter where the projection 
fibers of areas 4 and 6 become involved. The cases of amyotrophic lateral 
sclerosis used in this presentation will be confined to those in which both 
the cortical areas and their respective fiber tracts were involved. 

There is no doubt that the corticospinal projections in man and other 
primates originate largely from the precentral convolutions. Jlolmes and 
Page jMay (1909) were of the opinion that the pyramidal tract had its 
origin solely from the giant pyramidal cells of Betz in area 4. These con- 
clusions were based on experimental studies of the cerebral cortex following 
lesions of the spinal cord in which retrograde changes were found in the 
Betz cells. Schroder (1914), Minkowski (1923-1924), and von Econonio 
and Koskinas (1925) found evidence of retrograde degeneration in the 
large pyramidal cells, not only in area 4 but also in area 6 following spinal 
lesions. Levin (1936) believed that when present, such retrograde changes 
in area 6 are restricted to heferofopic giant pyramidal cells of Betz. Further 
proof that the pyramidal tract fibers must originate in other areas beside 
area 4 is the fact that Campbell (1905) estimated the total number of Betz 
cells in each hemisphere of man as 25,000, while the total number of fibers 
in each pyramidal tract entering the spinal cord on one side is about 
1,000,000 (Lassek and Rasmussen, 1939). Furthermore, Penfield and Erick- 
son (1941) have shown that only 3 per cent of the pyramidal tract fibers 
arise from the giant cells of area 4 According to these authors, the giant 
cells do not represent a physiological group, but only the largest members 
of a much more numerous group of pyramidal cells (see also Chapters V 
and VI). The prevailing opinion is that cells other than the Betz type give 
origin to a large percentage of pyramidal tract fibers. 

Spasticity, Flaccidity, and Alterations in Reflexes 

Spasticity — It is generally accepted that spasticity or e.xaggeratcd 
reflexes occur when there is involvement of areas 4 and 6 or their pro- 
jection system. Although any lesion of these areas or their dcsconding 
pathw ays may cause these neurological signs, disease entities w hich 
trate this best are amyotrophic lateral .sclerosis and vascular in«uUs limited 
to areas 4 and 6 or to the nilemal capsule. Illustrative ca«cs of each will be 
given The interpretation of clinical and pathological fiiKling<5 resulting 
from invohement of the bulbar nuclei anti anterior horn cells in amyo- 
trophic lateral sclerocis will be omitted. 
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CASE 1 


Amyotrophxe Lateral Sclerosis 


R A , n man aged 53, de^ eloped piogrcisi^ e 
weakness of the legs so that he hnalb was 
unable to walk without the aid of a cane 
There was a gradual progression of symp- 
toms with extension of the process to the 
upper extremities The sxRiptoms referable 
to the cranial nene nuclei and anterior horn 
cells are omitted 

Neurological Examination ~ Examina- 
tion of this patient disclosed the following 
spi'tic gut with spa'ticitj in all the m\i^ 
cles including those of the upper extrem- 
ities, mirked fibrillations and atrophies of 
the nitiscles of the lower extremities, 
shoulders abdomen, and back, weakness in 
the extensor nwiscles of the kgs and intbiU 
itj to perform skilled or purpo-eful mo\e- 
rnents, tluni'ine^s in the execution of 
lolitional niotements, hjperactixe reflexe* 
throughout intohmg both lower and upper 
extremities, presence of abdominal ami 
(iTni.»«terie reflexes, po'itue bilateral HolT- 
Riann, Babiiiski Oppenheim Mendel-Beeh- 
terew and Ro"Olimo signs 


Autopsy Report — The outline, especially 
of area 6. could hardly be made out The 
gray matter of area 4 was narrower than 
normally There was a distortion in the 
arrangemeat of the cjtoarchitecfurdl l.-ijers 
of areas 4 and 6. especially of area 6 A 
number of the pjTamidal cells had .i 
ghadow-hke appearance The giant pjrjin- 
idal cells of Betz were dimini'hed m 
number and showed pathological changes 
-uch as ehromatolisis, shrinkage pikno-is, 
and severe cell changes The intern il cap- 
sule and peduncles were slightl.v pale and 
showed disintegration of nix elm sheath^ anil 
axis cjhndcrs, the-e changes were more 
distinct m the Sudan III and Marchi prepa- 
ration^ The pxramids of the pons and 
mcilulU oblongata ivere denijelmated and 
allowed more extensive pathologic changes 
thin the internal cjp«ule and peduncles 
In the sptfial cord there was extensive 
dennelmization of the eros'Cil and direct 
pvramidal tract- throughout all segments 
Tlie nneliD sheillis and axis rvlinders were 
severel.v dunaged 


This case illustrates many signs which occur with lesions m areas 4 and 
0. The spasticity, the e.xaggerated reflexes, and tlie positive Hoifmann. 
Babinski. Rossolimo. an<l Mendel-Bechtcrew signs were caused by the 
lesions in areas 4 and 6 or their descending pathways. In this instance, 
the pyramidal tract was involved throughout its course, but particular!)' 
in the brain stem and spinal cord 

Fulton and his co-workers have demonstrated that when area 4 alone 
IS remox'ed in monkej’s and chimpanzees exclusive of the strip region 
(area 4s). there develops a paralysis which is first flaccid in all joints but 
xvhich later passes through a stage of transient spasticity of digits, ankle, 
and wrist. When area G. including the strip or area 4s (Hines. 1937), is also 
ablated, the previously flaccid extremity becomes highly spastic and re- 
mains so. It is believed that the intensity and duration of spasticity are 
functions, not of any one area, but of the extent of interruption of the 
extrapjTamidal cortical projection. Tower and Hines (1935) further ob- 
served that prunaiy section of the pyramids in monkeys causes flaccidity 
instead of spasticity. This, apparently, is not true in the human, for 
observations of cases of amyotrophic lateral sclerosis with lesions of the 
pyramids beginning in the medulla oblongata, still showed spasticity 
(Davison). Furthermore, destruction of the pyramidal tract in the«e 



4oU The Precentral Motor Cortex 

areas in other diseases also resulted in spasticity. ^\Tien, hoi^ever. there 
was additional involvement of the medial lemniscus or cerebellar pathways, 
the resulting paralysis was flaccid (fig. 125). In this case of infarction of 
the medulla oblongata, the entire right pjTamid in the medulla oblongata 
v.as affected. The paralysis, however, was flaccid m type, probably as a 
result of iinolvement of other pathways in the medulla oblongata 

On the basis of their experiments, Fulton and his co-workers concluded 
that in monkeys and chimpan 2 ees spasticity results from the removal of 



Fig 125— Infarct of tlio medulla oblongata invoUing too right jijranuu, medial lenmi- 
CHS and the greater part of the inferior olnarj* nucleus and its pith\ia\' Flaccid hcmiplcgn 


cortical cxtrapyramidal control of lower centers According to these au- 
thors, the enduring state of spasticity depends upon the extent of the 
involvement of areas 4 and 6; the greater the involvement, the more 
marked the spasticity. TVns cafiTiot Vie coiihrmevV Ixflty in man. Iot othet? 
and I have leported occasional cases of flaccid hemiplegia with fairly 
extensue lesions of areas 4 and 6 ‘ 

Flaccidity — Kennartl and Fulton (1033). in thoir experiments with 
cortical ablation in primates ob«en-ed that a lesion restricted to area 4 
resulted in a contralateral flaccid hemiplegia t^pasticity appeared only 

‘ [Such ficts S' the-p clcirlx dciiion-frate the difficulties in irrixing at fround pL\'ioli>i.'icil 
conclii-ion.' from liunun ca-pa mill «pont incou- ltMon«. i>nrticuiirb tho-c wiiii di/Tii-'' aluri- 
tion- a- oomparptl with the stuclx of othprui-c nonnil eri-eninontil aniniila in which di-crcti 
lp'ion-5 hiip been made — Editor 1 
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when area 6 was removed. The}* concludetl that m primates spasticity is 
present after area 6 has been ablated and fails to appear if that area 
remains intact Later. Kennard. Viets. and Fulton (1934) observed a 
case in which a cjstic astrocytoma, restricted to the right premotor area, 
led to focal seizures, progressive ngidity. awkwardness and stiffness of the 
left arm. forced grasping, increased reflexes, and vasomotor disturbances. 
The removal of the neoplasm led to recovery and to a complete flaccid 
paralysis. Twenty-five days after the operation, persistent spasticity of 
moderate degree appeared. The authors concluded that in “premotor 
lesions, awkwardness, spasticity and increase of tendon reflexes appear 
early, before the onset of motor weakness; whereas, in lesions of the motor 
area, weakness begins early, reflexes are at first depressed and spasticity, 
if present, appears late. . . . Acute injuries or rapidly expanding lesions 
of the motor area produce flaccid paralysis and generalized depression of 
the reflexes.” 

Davison and Bieber ( 1034). from a study of about fifty cases of cerebro- 
vascular diseases with closure of the middle cerebral artery, found that the 
lower two-thirds of the premotor area became involved The upper one- 
third or mesial part of the premotor area is supplied by the anterior 
cerebral artery. In the series of fifty cases of complete thrombosis of the 
middle cerebral artery, three were cases of flaccid hemiplegia and the rest 
of spastic hemiplegia Three additional cases of flaccidity due to partial 
occlusion of the middle cerebral arter>’ were also found and included in 
the group. The degree of premotor implication in the six cases of 
flaccid hemiplegia was compared with that found in the cases of spastic 
hemiplegia. The shortest acceptable period for the duration of flaccidity 
was taken as eight weeks A number of similar cases have been seen 
since then. 

In order to supplement the studies of involvement of the premotor 
area and the role it may play in spasticity, cases of closure of the anterior 
cerebral artery were also rexiewed. Obstruction of this vessel, as already 
mentioned, destroys part of the first frontal convolution and the anterior 
part of the paracentral lobule which enters into the formation of areas 
4 and 6. With one exception. Lherinitle's case, all of the cases of disease 
of the anterior cerebral arterj' collecterl by Critchley (1930) presented 
spastic hemiplegia. Davison. Goodhart. and Needles (1933) also reported 
two cases of spastic hemiplegia caused by occlusion of the anterior cerebral 
artery. However, in one case, described below, occlusion of the anterior 
cerebral artery resulted in a flaccid hemiplegia. Davison and Bieber (1934). 
as well as other clinicians, have emphasized that in most cases of flaccid 
hemiplegia, the sensor}' cortex or pathways were involved in most or 
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practically every instance Later, Kennard and Kessler (1940) also noted 
that flaccid paralysis is apt to be associated with sensory disturbances By 
ablation of various parts of the sensory and motor cortex, they uere able 
to produce flaccidity. I ha\e also obsei^-ed a number of cases of flaccid 
hemiplegia, associated with thalamic and other deep-seated lesions, in 
n hich the cortical premotor area was spared. 

Cases of occlusion of branches of the anterior cerebral artery and of 
complete and incomplete occlusions of the middle cerebral arterj’ will be 
discussed. 



Fig J26 (Ca-e 2) — Fljccid iurjU-i-* of the neht urr*’*' 4- a ri'iill oi throri- 

bosis of branches of the left antenor cerebral artm ■Rith »n\oUeiucnt of area- C an.l 

S and slight imoUcnient of area 4 
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Tlirombo>>}s oj Blanche-^ of the 

R L, a man, aged 73, de\eloi)pd a right 
flaccid hemiplcgn E'tainin ition di-ilo-ed 
an anomu, i-light mentiil mipaiinicnf a 
complete flaccid paraljaia o( the Tight wpiMM 
cxlromitj «ith arcflcxia, absent abdoniinal 
and cremasteric reflexes on flie right and 
parabsis of conjugafi moieroent of tin 
eyes to the right The flaccid panic •>!' pti- 
sisted for o\ er two month', until he « vpiieil 


Left Anterior Cerebial Artery 

Autopsy Report — There was softening of 
the left piecentral region, area 6 «□> 
more intohed than are.i 4 This was bc«t 
brought out in the horizontal sections 
stained loi nneJin sheaths (fig 126) where 
dcimolmizition was piP'cnt at the ba'p 
of the *tcond frontal com oliition and in 
aiea 6 The leg region of area 4 on the 
lelf u i<s il'O 'lightlv imolicd In other 



Fi(. 127 (Ca-e 3) — Horiront il 'iilion showing imolvtiiient of ihe second anil third 
frontal, precentral, po-tccntral, imulir and first second and third teiiij'ord comokition* fol- 
lowing complete occhi'ion of the right middle cerebri! irterj Fhccid p.iralj^i', Cresjl 
iiolet st,un 
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sections there «as implication of area 8 markedly distorted mth severe dc'truc- 

The areas of destruction were filled with tion of the nene cells Sections (hroiich 

compound granular corpuscles and pro- the internal capsule, pon«, and medulla 

liferating vessels The cytoarchitectural oblongata did not show anj descending 

laj ers, especially of areas 6 and 8, were degeneration 

The lesion in this case was most severe in those parts of areas 6 and S 
vhich are supplied by the anterior cerebral artery. Although area G was 
mostly involved, the resulting picture was one of flaccidity. The paralysis 
of conjugate movement of the eyes was most likely the result of the lesion 
in area 8. Despite the lesion in area 6. there was no increase m the contra- 
lateral reflexes, and except for absence of abdominal and cremasteric re- 



I K. 123 (C.i'C 4) —Incomplete OCcIu«ion of the left middle ccrtbral arUr>’ ca'i-me ch- 
-t met ion of the white matter from the lower two-thirds of the premotor area 1 laecui i ira i -i' 
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flexes, there were no pathological reflexes such as Hoffmann, Babinski, or 
Rossolimo, as would be expected mth such lesions. 


CASE 3 


Complete Occlusion o/ the 
C A , a man, aged 65, de\ clope«l a com- 
plete left-sided paralvsis The neurological 
examination disclosed a complete left flaccid 
hemiplegia \nth motor weakness, exagger- 
ated tendon reflexes, HoSmann’s and Bab- 
iD:3lvrs sigm. and impairment of all modali- 
ties of sensation on the left ■-ide The 


il/iddfe Cerebral Artery 

flaccid hemiplegia persisted for three months, 
until the patient died 
Autopsy Report — There was complete 
tlo'Ure of the right middle cerebral arfen- 
with softening of the following con\olu- 
tioDs second and third frontal, precentral. 
o]>erc(ilir insiikr, po-teentral. parietal, and 
lemporal (fig 127) 


CASE 4 


Incomplete Occlusion of the Middle Cerebral Artery 


S A, a nomas aged 4S, lia<l a cerebral 
epi'ode, after which a right flaccid hemi- 
plegia and aphasia developed Neurological 
examination revealed severe motor aphasia, 
right flaccid hemiplegia, right h>'p^ireflc\i.> 
with BabiQski and aUied signs, and season 
dtstiirbmcca on the right side The flaccid 
hemiplegia lasted seven months 

Although the evidence in man is not as conclusive as in the experi- 
mental animals, it can be safely stated that flaccidity as tvell as spasticity 
has some relation to the premotor region and that, of lesions in areas 4 and 
0, those of area 4 most likely result m a flaccid paralysis This was dem- 
onstrated in monkeys and chimpanzees by Fulton and Kennard fID34). 
and by Foerster in man. In most instances, the influence of the sensory 
cortex on flacciditj' cannot be completely eliminated.* 

Reflex Changes — Expenmentally. Fulton and his co-workers have 
shown that a lesion sharply restricted to area 6 causes transient moderate 
increase in the contralateral tendon reflexes and the appearance of x arious 
signs (Hoffmann and Rossoliino). the changes being more marked m the 
chimpanzee than in monkeys.' When howex'er, area 6 is removed some 


Autopsy Report— Tlvere vras incomplete 
occIofioq of the left middle cerebral arterv 
with dwfrucfioD of the white matter of the 
-econd and third fiontal convolution* and 
the lower two-third- of the piemotor are.”! 
(fig 12S) 


’ [The fact that in fifty caecs of occlu-ion of the middle cerebral .irterj’. fortv-seven iuii 
a 'pietie hemiplegia indicates that destruction of tlie prcwntral motor area releases the 
postural reflexes to a hyperactive state It would -eem nio-t likeiv lint m the other three 
cases with flaccid hemiplegia some additionil le-ioo which vv.i* not ob-erved mii-t have pre- 
vented the postural reflexes from becoming hxperactive In individuals with cerebral vascular 
di-ev-e such multiple lesions are of coiuse. not unconimoa Siiiill additional legion- whiih 
might be of physiological signific.mce disproportion ite to their sire might casilv h.we escaped 
careful investigation — Editor] 

’ [The demonstration by Hines (1937) that the “stnp,' now known a- area A', is tJie por- 
tion of the cortex lying anterior to area 4 in the sidahunian primate- which i- primardv con- 
cerned with the po^iiral reflexes and the de-tniction of which re-ults in exaggeration of the 
nivotalic reflexes and the appearance oi spa«ticitx has now been confirmed by Tulton and 
other workers — Editor 1 
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months after a lesion of area 4 the reflex changes are more marked and 
enduring. This is even more true in man, as shown in many of our cases of 
amyotrophic lateral sclerosis, or in those with e.vtensive vascular or neo- 
plastic lesions with involvement of areas 4 and 6. 

The Babinski sign undoubtedly is the result of the lesion m area 4. The 
Hoffmann sign is possibly the result of involvement of areas 4 and G and 
becomes permanent, as shown in chimpanzees, when both areas are 
affected. This sign disappears within a few weeks after an isolated pre- 
motor lesion. The Rossolimo and Mendel-Bechterew signs become mark- 
edly exaggerated with extrapyramidal lesions of the cortex. Rossolimo 
(1895) originall}’ believed that the exaggeration of this reflex was not 
caused by the interruption of the pjTamidal tract itself, but was the result 
of impairment of an hj^xithetical tract under cortical influence whicli 
descended along with the p 3 'rainidal tract. 

Atrophy 

Atrophj' of muscles in aim'otrophic lateral sclerosis is unquestionabl}’ 
the result of involvement of anterior horn cells This topic would not be 
discussed at all were it not for the fact that Fulton and his co-workers 
observed atrophies in the chimpanzee affecting most particularly the distal 
muscles, following lesions restricted to area 4. They noted in one chimpan- 
zee. that nine months after a lesion of area 4. the muscles on the affected 
side weighed only one-third as much as the corresponding muscle® on the 
normal side In another the atrophy was more than 50 per cent. Fulton 
states that atrophies of this character have not been observed following 
lesions of any other cortical area, being notably absent after ablation of 
the postcentral convolutions and other parts of the parietal lobe. Tlicy 
believe that atrophies with sensorj' disturbances after postcentral Ic'ions 
are due to encroachment of the lesions upon area 4. I have observed 
atrophy of muscles with parietal lobe or thalamic lesions in man but ne\cr 
with lesions in areas 4 and 6. Although the atrophies with lesions m atea 4 
described by Fulton, as far as I know, were not reported bj' others in man. 
such a possibility cannot be excluded (see Chapter XIV. pp. 3S2 and 387). 

Volitional and Skilled Movements 

Practicalh’ every patient with amj-otrophic lateral scIero®i« or with 
vascular or neoplastic disease involving the premotor region has some dis- 
turbance in volitional and skilled movements. This undoubtedly i® the 
result of the lesion of the pjTamidal tract, and in amyotrophic lateral 
sclerosis, al«o of the anterior horn cells In this pre'ontation I «hall limit 
the discussion to the di®turljance in movements secondary to Ic'ion® of the 
p\Tamidal tract. 
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Expeiimentall}’, ablation of area 4 in animals and man lesults in 
paralysis of volitional movements, especially of highly organized skilled 
movements. As is veil known, the higher the development of the cerebral 
corte.x, the more marked does this disturbance become, reaching its greatest 
intensity in man. Apparently the movements most recently acquired in 
phj'logenetic history, such as those of the digits and those most exten- 
sively under cortical control, are the ones most severely affected by lesions 
of area 4. 

The chimpanzee (Fulton), after removal of area 4. never regains dex- 
terity of finger movements Foerster found the same m man. In ablating 
the leg area of area 4 m the chimpanzee, hip movements are the first to 
return and toe prehension the last. Denuy-Brovu and Botterell (1938) 
found that after partial lesions of area 4 in monkeys individualized move- 
ments, especially of the digits, still occurred if any part of the Betz cell 
area vas left intact: such movements disappeared if all Betz cells uerc 
destroyed. Kennard has followed the development of baby monkeys in 
which area 4 had been removed from both cerebral hemispheres Although 
the animals acquired movement-patterns, finely coordinated and individ- 
ualized movements of the fingers were never developed From clinical 
observations in man and from the above experiments, it may be concluded 
that area 4 is concerned uith the performance of volitional and skilled 
movements. 

All the above facts arc illustrated by cases of amyotrophic lateral 
sclerosis and of cerebral vascular occlusion In Huntington’s chorea the 
impairment of skilled movements can be explained on the basis of involve- 
ment of the frontal cortex and in some oases of the precentral region. I 
have seen nine such cases that came to necropsy The brief description 
of one case will illustrate this point 


CASE 5 


D X, .1 noDiin, aped 35, showed .iH the 
s>miiloni« of chorea She droiiivd object^ 
from her hinds .ind iris iinible to perform 
certain skilled act«, e^cel)t with preif diffi- 
cuUv There was a familial history of Hwit- 
mpton's chorea 

Neurological and Mental Examinations 
— The evimmations di-clo-cd ecncnlizod 
choreiform, athetotic, and dv'tonie move- 
ments which were appru.vted bv cmottonil 
ficfor« and volimtarj acts She wj*. timiblc 
to perform >iniple skilled .lit-, exiept with 
pre.it difiiciiUy All of the deep reflexc' 
were Inpcrictne .ind there w a que~tion- 


ablc bilitenil IJjbin'‘ki sign There wd» 
some wc.ikne-'s of all the lolimt.iri mu'Clc« 
Except for slight cuphorn there was no 
mental change 

Autopsy Report — There was slight 
atrophy of the frontal and precentral re- 
gioD' There was moderate svmmetricil 
hvdrocephaiiis, nirrowinc of the sriv mat- 
ter and ■‘hrinkige of the ba-il pansli i 
affecting primariJv the 'triatiiiii (caudate 
nucleus and piitamen) Micro-'copie sections 
from the frontal and preccntnl lortcv 
(areas -I and 61 di-elosod a di-tortion in the 
arringement of the cytoarehitccture (fig 
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129) There wetc small areas of dc\astation 
uifh diminution m the number of nene 
cells The remaining ner^e cells shoned 
many tjpes of pathological changes The 


changes m areas 4 and 6 were inoic e\ten- 
8i\e than in (he frontal aieas The change' 
m the basal ganglia were (jpiial of tho'c 
seen in Huntington's chorea 


This case is of interest from several angles. Although clinically this was 
a case of Huntington’s chorea, there were no mental symptoms, except for 
a slight euphoria. This was in conformity with the insignificant changes 
m the frontal convolutions and the more severe changes in the precentral 
area. Most cases of extrapyramidal disorders do not show marked dis- 
turbances in the performance of highly skilled acts, except very late in the 
illness. It is well known that such patients despite their marked involun- 
tary movements are able to perform highly skilled acts such as throwing 
and catching a ball, playing the piano, or ridmg a bicycle. This patiejit 
was unable to perform even simple voluntary skilled acts, although the 
involuntary movements were less marked than in the average case of 



I'k. I29a Ilf' 1201) 

Fic.'- 129:i-b (C.i'i’ 5) — Fi? tS'kt fetition from urea 6 di-ilo-ing di'torlioii in tin nrrinei-- 
iiiont of the cj toirclulPctur.aI Inpr* and dropping-oiit of nppe rrll< .tnri aroH of <iri i*t itioii 
Fig liOb ScPtion from arra 4 ^honIng >IiEht distortion in tho arr inirmirnt of tli.- o(o- 
ircliitectural haor', droppiriE-oiit of noT\c rolK Awt wmll of dr'i'lttum ( roM 

\ lolrt X 40 
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chorea. That the lesions in areas 4 and 6 A\ere responsible for her inability 
to perforin skilled acts is evidenced also by the generalized hyperreflexia 
and the questionable bilateral Babinski sign. 

Behavior Disturbances 

Behavior disturbances are rarely seen in amyotrophic lateral sclerosis, 
and Vvhen they do occur, as described b>’ Wechsler and Davison (1932) 
and others, they are most likely the result of involvement of the frontal 
convolutions (Brickner, 1936) A number of observers, however, believed 
that lesions in area 4 may cause disturbances in behavior. Krasnogorski 
(1909) found that conditioned reflexes to proprioceptive stimulation were 
permanently abolished in the dogs after removal of the sigmoid gyrus. 
Jacobsen (1934), by complete bilateral destruction of area 4 in monkeys 
and chimpanzees, found that immediately after the operation the animal 
showed serious incoordination in the performances of acts which it was 
trained to perform prior to the operation (problem boxes) The animals 
apparently knew what to do but encountered dfficuUy in executing the 
necessary movements. Jacobsen was of the opinion that the retention of 
acquired habit patterns is not impaired by destruction of area 4. although 
the execution of these complex manipulations may be rendered difficult for 
a time by virtue of motor weakness. These findings also confirm the results 
obtained by Rothmami (1004) and Lashley (1924). There is, how’ever, 
some agreement that the intact motor area gives a smoothness to behavior 
patterns. The combination of involvement of the frontal convolutions and 
area 4. as seen in cases of amyotrophic lateral sclerosis with mental symp- 
toms, or in other pathologic states, leads to a great disintegration of the 
smoothness of behavioral patterns. The following case illustrates this point. 


CASE 6 

AHji/ofro;>hic Lateral Sclerosis uith Mental Symptoms and 
Disturbances in Behavior Pattern 


H. L, a mm, aged 3S pre^entmg the tjpj- 
cal rmmfej-talions of amj otrophie hleral 
sclero*!', first experienced impairment of 
niemor.v He made statements without being 
aware of what he said; he could not recall 
the nime< of his p.arents .and failed to 
recognize the members of Iii' f.imilv. or the 
hoiue and «treet on which he hied He was 
unkempt, unconcerned, and could not per- 
form simple 'hilled act- .A.t timc' he waUked 
.iboiit without clothes and iirinited in m- 
.ippropriite pi ten He w i- un.ibte to nuin- 
tam •■ii't.uncd attention. 


Neurological and Mental Examinations 
— In addition to the typical findings of 
ani.votrophic J.iteral sclerosi'. excimmation 
dirclo-.ed that the patient's speech was lim- 
ited to mono--' liable*: he tended to per- 
seierate and answered “yes” or his name 
repeatediv He had difficiiltv in imbiitton- 
mg hi» coat, remoiing hi* ilothe-. lighting 
a cigarette, combing his hair, wTifing. etc 
He wa* di'onented for pi ice and person' 
He wandered ainilessli about the ward, 
smiled fatiiou-I\ .and reacted to no pir- 
ticular situation .Xt time* he obned simple 
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commands correctly but failed to accom* ■various layers ueie poor in Nissl «ub«tanrc 

plish any complicated acts Tlie inability There were occasional neuronophagia and 

to express himself was more than a dv«- Uschemic cellular changes Small areas of 

arthna. He showed some degree of aphasia destruction were found in the corticil 

in addition to a profound intellectual de- lajrers There was a slight increase m glial 

terioration. cells There was an increase m the astro- 

Autopsy Report— In addition to the typ- ‘5'tes in the adjacent white matter The 

ical pathologic findings in the pyramidal axis (flinders stained poorly and some were 

tracts and anterior horn cells., the following completely broken down The changes in 

changes were noted in the precentral areas areas 4 and 6 were slightly le's extensive 

and in the frontal conv olutions, areas 8, 9, ^^6 130) The second and third cortie.d 

10, and 11 The cortical layers of the frontal lajers on the left side were slightly dim- 

convolutions were narrower than normally aged and contained an increase in glia! cells 

There was severe distortion in the arrange- The giant pyramidal celK of Betz were 

ment of the cytoarchitecture with scanti- diminished m number and showed many 

ness of ganglion cells The nerve cells of the types of pathological changes 

Focal or Jacksonian Seizures 

Jacksonian epileptic seizures as the result of a lesion or compression 
of area 4 are ^\ell known anti accepted both on experimental and on clmico- 



Fio 130 (Cj'c 6) —Slight dMortion in the air^mgenient of tlic c> to.irrhifrcliiral 
of .area 6. with arc is of devast itioii, dioppmg-out, ind -hidow-Iikc appearance of nerve eell^ 
Cro'vl violet \ 40 
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pathologic grounds. Focal epileptic seizures, as originally described by 
Hughlings Jackson were reproduced expenmentally by the application of 
electrical stimuli by remote control in the awake animal by a number of 
observers (Loucks, 1934; Chaffee and Light, 1934, 1935; and others). 
These seizures have a definite sequence and depend on the somatotopic 
organization of the motor area. Immediately after the seizure, the extrem- 
ity may show signs of motor paresis (Todd's paralysis). There is sufficient 
evidence experimentally that the giant pyramidal cells of Betz of the fifth 
layer in area 4 are largely responsible for the production of focal or Jack- 
sonian seizures. This has been shown m Fulton’s laboratory where stimu- 
lation of the infant macaque did not result in focal seizures, due, presum- 
ably, to the fact that at this age the giant pyramidal cells of Betz are still 
undifferentiated. Shortly before myelimzation adequate stimuli lead to 
focal seizures. Dusser de Barenne (1934b) was still able to obtain focal 
seizures when the first four layers were destroyed by laminar coagulation 
but not when the fifth layer containing the giant pyramidal cells of Betz 
was also involved. Furthermore. Marshall (1934) and Tower (1935) \\cre 
unable to obtain focal seizures by stimulating area 4 after the medullary 
pyramids had been cut 

CASE 7 


P M . a om.m. aged 46, experienced nimier- 
oils Jacksonian seizures starting by twitch- 
mgs o! the muscles of the right side of the 
face and fingers of the right hand, spread- 
ing to the rest of the upper extremity ami 
finalh im oiling the lower extremit> 
Shortly thereafter there was a transient 
weakne'S of the right upper .ind lower ex- 
tremities On a few occasions the-e seizures 
were followeil bi a state of unconH.iOH-ncv'j 
li'tmg two to three minutes 


Neurological Examination — The find- 
ings included a slight motor weakness on 
the right side, slight hyperrefiexu with 
Hoffmann .and Babmski sign« absent ab- 
dominaU on the right side, and a slight 
nominal apha>ia with a tendency to face- 
tiou'oess The patient dei eloped pneumonia 
and died before she could be operated upon 
Autopsy Report — A tumor was present 
m the left hemisphere, imolnng areas 4 
and 6 It extended from tlie Sylvian fi-sure 
to the supenor surface of the hemisphere 


This case could be duplicated xvith numerous others of neoplasms com- 
pressing or invading the premotor area. 


Sphincter Disturbances 

Bilateral lesions of areas 4 and 6 or their projection system may cause 
disturbances of urination and defecation. This is best seen in cerebrovascu- 
lar diseases with multiple bilateral lesions. As these lesions are scattered, 
it is difBcult to determine which part of the cortex is responsible for this 
disturbance in function. Sphincter disturbances are not observed commonly 
in amyotrophic lateral sclerosis, but I have observed a few cases of inability 
to control the vesical or rectal sphincters with this affection. In those cases 
of amyotrophic lateral sclerosis nhere such a disturbance wa<5 noted, areas 
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4 and 6 were involved. In the cases without cortical involvement there was 
no sphincter disturbance. In ease 8, with bilateral compression of area 4, 
there was urinary incontinence (see Chapter XIV, p 393). 


Forced Grasping and Groping 

Forced grasping occurs in primates and man after lesions of the frontal 
or premotor areas. The first to call this to our attention, although his case 
did not come to autopsy, was Janischewsky (1909) who attributed this 
reflex to a lesion of the frontal lobe. Adie and Critchley (1927) were of the 
opinion that the presence of the grasp reflex with cerebral tumors is un- 
equivocal evidence of the location of the tumor in the frontal lobe. This 
phenomenon is most outstanding when there are bilateral lesions of the 
premotor and possibly the motor areas. This reflex is affected by changes 
of position or posture. 

The grasp reflex which appears after ablation of the premotor area in 
primates is apparently the result of removal of the inhibitory action of the 
cortical extrapyramidal pathways upon the subcortical centers As shown 
by Fulton and his co-workers (Bieber and FuUon, 1938) the grasp reflex 
becomes permanent only w hen areas 4 and 6 have been removed bilaterally. 

Groping is also seen in monkeys from which the frontal and premotor 
areas have been removed bilaterally, or in humans with bilateral lesions 
of these regions. According to Fulton (1938) this reflex disappears when 
the pyramidal tract is destroyed and when vision is abolished. Groping is 
considered by most observers an automatic movement integrated at the 
cortical level. 

The following clinicopathologic case of forced grasping and groping 
may throw' some light on the site of the lesion. 


CASE 8 


G H , a \>oman, aged 60, nofe<I sJonly pio- 
gresswe v.eaknets of tko left snlc of the 
body Within a short period mental apathy, 
dvvUnes«, and facetiow'ness. dc\c!opc<l 
Neurological Examination — nximin^- 
tion disclosed a left hemiparc-is, Bibiu^’s 
sign bilateral^ , forced grasping and groping 
moiements on the left, incontinence of 
urine, and bilateral papillodcm.i 


Autopsy Report — There nas .i luge neo- 
pld&m involiing the right fiontil and prr- 
ccntrit regions, slightly tnero idling on iVie 
left hcmisplicie .and im ailing and coiiipiess- 
ing the cor|>ns callosum (fig 131) The 
tumor did not iniado aica 4 , but it coiu- 
pres.!cd it and caused edemi of iH «hite 
matter The grcate^t pirt of the right side 
of the corpus callosum wat destroyed b> the 


There is no question that this tumor, although essentially situated on 
the right, also destroyed or compre<5sed the left frontal and premotor areas, 
thus accounting for the grasping and groping reflexes AltJiougli the groping 
reflex disappears m the cxpcnmcntal animal «hen the pyramidal tract is 
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clestro 3 ’ed (Fulton. 1938; Bieber and Fulton. 1938). It was not abolished 
in this and other instances with compression or lesions of area 4 or of the 
pyramidal tract. 

Another interesting fact in this case is the lesion in the corpus callosum 
and the presence of the grasp reflex. Richter and Hines ( 1934) and Ken- 
nard and Watts (1934) ami others ha\e observed that section of the 



Fig 131 (Case 8) — Tumor of right frontal and premotor region', ^!l{fh^h encroaching on 
the left hemisphere and imading and compre>*iBg the corpus callo-iim Forced gra'pmE and 
groping Myelin sheath stain 

corpus callosum does not m itself produce forced grasping. Kennard and 
Watts found that in a unilateral or bilateral premotor preparation from 
nhich forced grasping has disappeared, section of the corpus callosum did 
not cause the sj-mptom to return The corpus callosum in the present case 
did not play an important part in the inhibition of the grasp reflex The 
grasp reflex in this and other instances became permanent, as lu the ex- 
perimental animal, because of the bilateral involvement of areas 4 and 6 
Posture and the Grasp Reflex — There is some experimental evidence 
that there is a relation between postural and grasp reflexes. Bieber and 
Fulton (1933. 193S) were of the opinion that the grasp reflex has become, 
m higher animals, a part of the righting reflex mechanism. Fulton and his 
co-w orkers observed that the grasp reflex m animals w ith bilateral ablations 
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of areas 4 and 6 is ell marked only in the uppermost extremities « hen the 
animals are placed on their side. If the animal is lying on its right side the 
grasp reflex becomes more marked m the left hand. These observers have 
also noted that forced grasping following a unilateral lesion of area 6 is 
also responsive to change of position in space. Forced grasping cannot be 
elicited when the affected side is dowm, but it can be obtained when the 
involved extremity is uppermost. Viets (1934), Kennard, Viets, and Fulton 
(1934), and others have observed changes in the intensity of the forced 
grasping with changes in position in human cases. The following clinico- 
pathologic case illustrates this. 



Fic 132 (Ca«c 9) — Tumor iniol^ini; left premotor comoliition.s including arei» 4 and 6 
.ind part of the temporal con^ohiOoDs De-tmetion of p»rt of the fiber® of the oorini< c.il- 
lo'uni Forced gra'.pmg and groping M>ehn sheath stain 


CASE 9 


H I , a man, aged 28, had a fainting attack 
and lo<s of consciou-ness followed bv 
se\erc headache, non-projcctilp lomitiDg 
lassitude, and weakness of the right side of 
the bod\ 

Neurological Examination — Qn the 
right side, the following were di-cJo»ed 
motor weakness, slight spa-ticif'. increased 
tendon reSexp', Babm-ki’s sign, and forced 
gra'ptng W hen h ing on his right «idp the 
ET\'p reflex was %ei> weiW or cohM not be 
elicited at ill When I\mg on hi- left -ide 
file grj'p reflex became ^e^v in irked The 
right -ide of the bodx in thi- in-timc w li 


warmer than the left and wa- slightl' 
edematous 

Course — A left frontal cr.iniotomv w i-* 
lierformed with partial removal of a tumor 
from the frontal region and arci 6. follow <<1 
b> a marked right hemiplegia, apba-ia. a 
meningiti®, and di*appe irance of the gra-p 
reflex 

Autopsy Report — X large fiimorm'obei! 
the left frontal con\ nliition*. inchuhng pirt 
of areas 4 and C and pirt of the temponl 
comolutioH' (fig 132) .‘'oinc of the fib^r- 
of the rorj'iH ciMo-iim on the left -nle 
were «le-(roard or -(jm>d \rrj poorl' 
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This case not only confirms the findings of Kennard. Viets, and Fulton 
(1934) on the relation of the grasp reflex to posture, but also illustrates 
the relation of vasomotor changes, as evidenced by the edema and increase 
in warmth of the right side of the body, to precentral lesions. 

That the grasp reflex is part of the postural mechanism has been shown 
by Fulton and Dow (1938) on labyrinthectomized monkeys On bilateral 
removal of areas 4 and 6 from a bilaterally labyrinthectomized macaque, 
the grasp reflex became modifietl by the rotation of the head. With the 
animal in a supine posture the grasp reflex was completely inhibited on the 
side towards which the chin was rotated, and increased on the opposite side. 
This is in harmony with the Alagnus-de-KIeijn phenomenon in which 
rotation of the head arouses extension of the extremities on the chin side 
and flexion on the opposite side. The grasp reflex thus is part of the pos- 
tural reflex mechanism and is affected by the tonic neck reflexes. 

A number of cases of lesions of the precentral region extending also 
into the parietal and temporal areas were observed by the author in nhich 
there was a relation between the grasp reflex and posture. The following 
case, which came to necropsy and has been previously reported by Wech- 
sler. Bieber, and Balser (1930). illustrates this point 


CASE 10 

jcn>il% »js reverved, tlie grasp refJex was 
agaiD acccDtiiated on the uppermost side 
.nod depressed on the undermost side The 
reflexes were approximately eatial when tho 
patient was on her back 
Autopsy Report — A large gliobla'toma 
nuillifonue was present m the left frontal, 
premotor, motor, temporal, and parietal 
areas 

xw kbis Ubely by uwxtlvtimewt 

of areas 4 and 6, and apparently remained unchanged by the extension of 
the neoplasm to other regions. 

Lesions Outside the Precentral Region — This brings up the question 
whether the grasp reflex is totally the result of lesions of the frontal cortex 
and of areas 4 and 6, I have obseiwed a number of cases of grasp reflexes 
with tumors or lesions of the temporal or parietal lobes or in the posterior 
fossa without involvement or invasion of the areas 4 and 6. Frazier also 
noted forced grasping in instances where areas 4 and 6 were spared. In 
most of these cases, however, compressions of areas 4 and 6 could not 
be totally excluded. 


S G., .1 noman, aged 49, was ^eml»lupo^ous 
and had a right hemiplegu, right liemieea- 
«orv di>tiirbanoes. hemiacopsia, and aphasia 
Se\eral hours before death, decerebrate 
rigidity .'lod forced gmspmg bilaterally were 
noted rihen the p.'itient nas placed in the 
lateral position, the grasp reflex bccime ac- 
centuated on the uppermost side and di- 
minished on the lowermost side Jf the 
jiitient w.is turned to the opposite side the 



446 


The Precentral Motor Cortex 


Bucy (1931) found bilateral reflex grasping in two cases of tumors not 
situated in the frontal lobe. In one the tumor was situated in the fourth 
ventricle; in the other, in the nght occipital lobe. In both instances, how- 
ever, there was a marked internal hydrocephalus. Similar observations 
were also previously reported by Janischewsky (1928) and Fedorovoa 
(1929). As a result of these findings, Bucy was of the opinion that bilateral 
reflex grasping in the presence of a marked internal hydrocephalus or in- 
creased intracranial pressure is of questionable value as a localizing sign. 
Freeman and Crosby ( 1929) also pointed out that bilateral reflex grasping 
IS not of as much value as a localizing sign as when this sign exists on one 
side alone. 

The following case of forced grasping with a lesion in the posterior fossa 
shows that this reflex may occur with lesions other than in the premotor 
region. It is similar in many respects to Buoy’s case of forced grasping with 
a tumor in the fourth ventricle. 


CASE 11 


A A , a woman, aged 33, de^ eloped severe 
mormng headaches associated ’Mth voroit- 
mg, dizziness, diminution in vision, yawn- 
ing, and hiccoughing 

Neurological Examination — The patient 
had a marked memory defect, unsteady 
gait, a tendency to fall backward, and other 
cerebellar signs, bilateral grasping and 
groping and a tendency toward exaggera- 


tion of the tendon ledexes which was greater 
on the right side but without imthoiogicnl 
leflcxes There was marked papilledema, 
nystagmus in all directions, and deviation 
of the jaw and palate to the left 
Autopsy RepotU-Theie was a tumor in 
the fourth lentncle and a marked internal 
hydrocephalus 


Autonomic Disturbances 

Autonomic disturbances following lesions in areas 4 and 0 are rare. 
Vasomotor phenomena such as increases in temperature oti one side of the 
body, changes in the pulse, respiration, blood pressure, discoloration of 
an extremity, edema, and increase m sweating, I have observed in cases 
with parietal lobe lesions. In Case 9, where a tumor in the left posterior 
frontal region was associated with forced grasping and groping, the right 
side of the body was slightly edematous and w-as warmer than the left. 
Experimentally, transient increases of temperature of a monoplegic ex- 
tremity were observed by Pinkston, Bard, and Rioch (1934) in a chim- 
panzee following an isolated removal of area 4 Hoff and Green (1936, 
1937) obtained elevation of blood pressure and shift of the blood from 
the visceral into the muscular bed following stimulation of area 4 of the 
macaque. More pronounced vasomotor effects were obtained following 
lesions of area 6 or of a combination of areas 4 and G, Aring (1935) ob- 
scrvcil that animals with lesions of area 4 developed .sjunmetrical sliivcrmg 
when exposed to a reduced temperature, long before there was any drop 
in the rectal temperature (sec Chapter XI). 
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The Precentral Cortex and the Extrapyramidal System 

The precentral cortex in higher fonns gives rise to extrapyramidal 
pathways nhich end in many of the extrapyramidal nuclear masses, ilellus 
(1895) firmly believed that area 4 contributes extensively to the extra- 
pyramidal projection system. Levin (1930) shoned that in the macaque 
the extrapyramidal projections from areas 4 and 6 are indistinguishable 
on the basis of their distribution and destination; they each contribute 
projections to the pons, substantia nigra, mesencephalic tegmentum, and 
red nucleus (see Chapter 1’). 

It seems justifiable to analyze a number of classical clmicopathologic 
cases with involuntary movements which showed, in addition to lesions in 
the basal ganglia, lesions of area 6 or other cortical extrapyramidal areas. 
It should be emphasized, at the outset, that the involuntary movements 
most likely develop because of the lesions m the basal ganglia rather than 
as a result of the mucli less constant and inoic \ariable cortical lesions. 



Fio. 133 (C.i-p 12)— Po't-rncPi)h»I«ticpar»b-.i-«a!nt ifi' nUh m\oUcmPnt of arei 6 N'otire 
Ui'lottjon >11 the nn.iiigenipiil of ilif pitoitttiiWctunl stnU tlifTu-o ycn'a'cular infiltra- 

tions. Crc'jl Molet a 10 
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These cases, however, are significant, for they illustrate that in extra- 
pyramidal disorders the lesions are not strictly limited to the basal ganglia. 

A number of extrapyramidal diseases were studied. These included 
paralysis agitans, chorea, dystonia, hepatolenticular degeneration, etc. 

Paralysis Agitans— Thirty-seven cases of paralysis agitans studied 
and previously reported (Davison) were di%'ided into three groups; 
(1) post-encephalitic paralysis agitans (12 cases); (2) idiopathic paralysis 
agitans (7 cases) ; and (3) atherosclerotic paralysis agitans (18 cases). 

Post-encephalitic Paralysis Agitans. Pathological or significant changes 
in areas 4, 6 and 8 in this group tvere noted only in two cases. In these, 
there were inflammatory changes, perivascular infiltrations and distortion 
of the cytoarchitecture of areas 4, C and 8 (fig. 133). One case will be 
described to illustrate the pertinent facts. 

CASE 12 

H. S , a man, aged 53, de% eloped influenza ID meats of the lower jaw, Iipe, chcumR-Uke 
1918 About sixteen >ears later he developed movements, sain ation, and ocuIosjtic ernc'. 

tremor and rigidity ^ Autopsy Report — In addition to the 

Neurological Exammation — The neu- typical findings vn the globus palUdus and 

rological examination disclosed a parkin- substantia nigra, there were also pathologic 

soman facies and attitude, generalized changes in areas 4 , 6, and 8 There ncro 

muscular rigidity, lack of associated move- perivascular infiltrations, di<tortioa of the 

menta, and marked pil]>rolling tremor and cytoarchilecture (fig 133), and n fen foci 

tremor of the distal parts of the upper ex- of cellular devastation The nerve ceIN 

tremities The tremor could be stopped throughout these areas stained poorly, some 

momentarily by v oluntarj action The showed neuronophagia, satcllitosu, ischemia, 

speech nas slow and monotonous There were and severe cell changes of Ni«sl There vv(i« 

also rhythmic “champing" coordinated move- an increase in glial nuclei 

The rhythmic, “champing,” coordtimfed movements of the jaws and lips, 
the chewing-like movements and salivation are not unlike the phenomena 
observed in monkeys upon stimulation of area 44. Foerster on stimulating 
this area (his area Ob) in man obtained continued movemenfs, rhythmic 
and coordinated in character, of the lips, tongue, mandible, pharynx, and 
larynx. Some of these consisted of chewing, licking, salivation, swallowing, 
mastication, croaking, and grunting. The oculogyric crises in this patient 
may have been caused by impulses from area 8. Conjugate movements and 
other ocular manifestations have been obtained by stimulating this area 
m monkej's and man (Grunbaum and Sherrington, 1901 ; Bender ami 
Fulton, 1938; Foerster, 193Gb; and Penfield and Boldroy, 1937).' 

‘[As Dr Davisoa stated earlier, the involuntary movements vievclop as the result uf 
tesion« in the basal ganglia and not from Jc-ions m the cerebral cortex That h welt illa-trutid 
by the cases mentioned here, for whereas such movements as thf-e are tommon with I'O'I- 
cncephalilic parkinsoni-m Dr. Davi-on found corticjl Je«ions in only two out of twelve ca-'- 
furthermore, as Dr. Davison points out, the movements arc ‘iniilar to those produecU bv 
cortical stimulation, thus indicating that in di«ea«e the-e iriovemcnt< api>far bccau-r of 
released cortical activity (See Chapter X\’J — n»no« 1 



Pathology 


449 


Idiopathic Parkinsonism. Eight cases ^\ere present in this group. A’^one 
of these had “champing” movements, and ocular manifestations were 
present in only t^^o cases. In one there was slight difficulty in convergence, 
in the other bilateral ptosis. Areas 4. 6. and S and other cortical areas in 
this group showed no pathologic changes. 

Of interest was the effect of a chordotomy on the tremor and rigidity 
in one case of this group. Following sectioning of the crossed p^Taniidal. 
rubrospinal, spinothalamic and spinocerebellar pathways, the tremor and 
rigidity disappeared. The influence of the pyramidal tract on such symp- 
toms w'ill be discussed m detail under atherosclerotic parkinsonism. 

Atherosclerotic Parkinsonism Eighteen cases belonged to this group. 
All of these showed some clinical and pathological evidences of athero- 
sclerosis of the central neiw'ous system. Ocular manifestations were not 
present in any of the cases, except for a rotary nystagmus m tw o instances. 
Clinical evidence of damage to the pyramidal tract was present in seven 
cases. In one the tremor disappeared on the left side and the rigidity be- 
came less marked following thrombosis of the right Jenticulo-striate artery. 
In the six other cases there was no cessation or lessening in the tremor and 
rigidity despite such involvement. 

Microscopically areas 4. C. and 8 and other cortical regions showed 
significant changes in thirteen instances in this group, in contrast to the 
cases of post-encephalitic and idiopathic parkinsonism. The picture was 
varied and consisted of a slight distortion in the arrangement of the cyto- 
architectural layers, small areas of devastation, droppmg-out of nerve cells, 
pallor of nerve cells, chronic aiul ischemic cell changes, perivascular edema, 
atherosclerotic changes in the small cortical vessels and proliferating ves- 
sels. In three cases there were small areas of softening Subsequent to my 
investigation. Benda and Cobb (1942) studied eight cases of paralysis 
agitans that came to necropsy. In contrast to the cases I reported they 
found in all their cases changes m tlie frontal areas and m area 6. while 
area 4 was intact in all instances. 

The changes in areas 4. G. and 8 in my cases were undoubtedly second- 
ary to the generalized atherosclerosis. Bliether the association of these 
cortical lesions with those in the pallidum and substantia nigra had any 
influence on the production of tremor and rigidity is difficult to state. The 
presence of tremor and rigidity in most of the post-encephalitic and in all 
of the idiopathic groups without such cortical involvement, would seem to 
rule out such a possibility. 

The influence of the intaetness of the pyTamidal tract or of area 4 on 
the involuntary disturbances and rigidity will be illustrated by one case 
from this group. 
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CASE 13 


\V. E, a woman, 65 >ears of age, ga\e a 
history o{ a pill-roUing trcnioT which began 
m the right hand and then spread to the 
left hand She also suffered from hyperten- 
sion and a generatized alherosderosis 
Neurological Examination — On admia- 
sion the patient showed the typical mani- 
festations of pnraljsia agitano with parkin- 
soniin facies, pill-rolling tremor and tremor 


eluding areas 4, 6, and 8, disclosed modeiate 
atherosdeTosis of the small eorticil \es«els 
and slight thinning of the griy mattei, es- 
pecially on the right side, but without 
significant distortion of the cytoarchilectuip 
Basial Ganglui The greatest part of the 
light caudate nucleus, piitamen, globus 
pallidns, external cap»u!e, cliiistnim, and 
intern il capsule were destrojeil and showed 



I’lo 134 (Case 13) —Atherosclerotic parkm'onism with abolition of tremor and rigidifi 
on the left foUowinit thiombosi^ of right lentnulo-studc arterv Notice tlic ui.vTked destruc* 
tion on the right of the striatum, lulhduni, and intern il tipsule The ilianges in the left 
pillidil segments aic tt picul of those found in p irkmsoni'ni Mjelin sheith ‘■tun 


of the jaw and extremities, rigidity, cog- 
wheel phenomenon, anil hek of ft«sociated 
moiements About ten months nfler udinis- 
sion tliere dei eloped a henuplegii on the 
left «ide of the bmlv At tins tunc the 
tremor disippeiied in (he left cxtreniilx 
while the rigitliti and cogwheel phenom- 
enon were lev'ened on that side. The deep 
reflexes were exaggerated on the Icfl and 
were a" 0 cuted with Ilibinski and allied 
'ign'< 

Autopsy Report — Cortex 
tliroiigh \.iriou« region* of tbe 

III this case 
ami cogwheel 
lenticulo-striate artery 


changt-s iisu.illv seen with oec!u*ion of the 
lenticulo-itrixtc artery (lig I3t) Tbe left 
catulitc nwclews snd putinwn were normil 
The left plolius ji.ilbdu*, howcier, was 
dighttv shrunken, stained nn>l lud 

a “light lininur nppeiirante (fig 131) The 
left ansi lentieuluris w,is sbglitl> tlunn'd 
Tim left pdlidutn wml the swbstantu mgri 
shonnl the tipicil ch inges si en m pirkm- 
sonisni Sictions tlirougli the niedulla 
oblong ilw and spmd coni tix ruled u ite- 
■Kicnding denitrliniifilion of tlie right p>- 
rimiilii pilhw o 


the tremor on the left side disappeared ami the riKidity 
phenomenon lessened foIlottiiiR thrombosis of the rittht 
with destruction of the riftht pyramidal tract. A 
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similar change was noted above in a case of idiopathic parkinsonism fol- 
lowing a lateral chordotomy These cases seem to indicate that the tremor 
is mediated via the pyramidal pathways 

Bucy and Case (1937) abolishe<l unilateral tremor in one instance by 
excision of areas 4 and G. Klemme (1940a) is said to have alleviated tremor 
by extirpating the premotor cortical areas in a large number of cases of 
paralysis agitans. but the descriptions of his surgical procedure are not 
sufficient to permit of any evaluation of his cases. Putnam obtained relief 
of tremor in two cases after removal of part of the precentral g>TUs and 
in three other cases (194Qa). the tremor disappeared largely or entirely 
after section of the lateral pyramidal tract in the spinal cord. Aring and 
Fulton (1936) abolished intention tremor in the monkey by removal of the 
precentral cortex (areas 4 and 6) In connection with the abolition of 
tremor following pyramidal tract lesions Parkinson, as early as 1817. ob- 
served that the tremor disappearetl follow ing a hemiplegia and recuried 
as the paralysis became less marked. He also mentioned that voluntary’ 
effort may. for a short time, also stop the tremor and reduce the rigidity 
in some instances, while in others voluntary effort may increase both. 
Since voluntary effort is transmitted through the pyramidal tract, this 
pathway shows “almost an ambivalent function in regard to tremor" 
(Putnam). The tremor m some of the parkinsonians, especially the athero- 
sclerotic cases (Davison), did not disappear despite the apparent involve- 
ment of the pyramidal tract as evidenced by hyperreflexia and Babinski 
sign. Benda and Cobb (1942). on the basis of their investigations and 
that of Klaue (1940). mention that, in Parkinson’s disease, atherosclerotic 
alterations of the cortex are almost absent and that the tremor of paralysis 
agitans can only occur when the motor cortex is largely intact. 

In the eighteen cases of atherosclerotic parkinsonism Davison reported, 
area 4 was found involved in various degrees in thirteen cases. Fulton 
pointed out that, if area 4 is removetl. tremor may still occur. Some familial 
cases of pallido-pyramidal degeneration which I have observed are further 
evidence that tremor and rigidity may coexist with lesions of the pyramidal 
tract. These patients have rigidity, tremor, parkinsonian facies and a bi- 
lateral hyperreflexia with pathological reflexes From these cases it cannot 
be definitely concluded that tremor is present only when the pjTamidal 
tract is intact or that the impulses producing tremor are conducted only 
along the fibers from areas 4 and 6.* Of further interest are the e.xperi- 
mental results of Browder and Mej'ers in man with parkinsonism. At first 

* [It shouM be noted here thit hyperreflexia and spa-ticilv are evideoce of iq\ qI\ enient 
of the e\{raii\TaniKbl or parap'Tamidal fibers from the preeentral cortex and not eMdence 
of m\olieuient of the pjTamidal tract Furthermore, partial lajurj to area 4 or to the 
I'yr.imidal tract .ire not comparable to ablation of .irea 4 or complete inferniplion of the 
Inct — Editoe ] 
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these authors interrupted the “U” fibers between areas 4 and 6 without 
any appreciable changes in the tremor. They then undercut area 6 without 
any effect. By extirpating, however, partially or totally, the caudate 
nucleus, there was an “enduring” cessation of the tremor in some cases 
Apparently other structures beside the caudate nucleus must have been 
injured in these operations. Putnam’s contention that the cortical incision 
which Meyers made and the operative procedure are enough to injure the 
projection fibers from the cortex, especially from areas 4 and 6, and thus 
produce the same physiologic effect as is obtained with the older pro- 
cedures, seems justified (see Chapter XV). 

Although there are numerous discrepancies, one may assume that areas 
4 and 6 and their projection systems are the neural mechanisms through 
which involuntary movements are transmitted. 

Other Extrapyramidal Disturbances — Chorea. The involuntary move- 
ments seen in chorea, dystonia, hepatolenticular disease, myoclonus epi- 
lepsy, and spastic pseudosclerosis likewise cannot solely be explained by 
disturbed function of the striatum and globus palhdus Wilson (1929) 
believed that, for the appearance of these involuntary movements, the 
corticospinal tract must remain intact. He concluded that chorea and 
choreo-athetosis represent a complex type of involuntary movements for 
the production of which a motor mechanism having its seat in the cortex 
IS required. On this basis, Horsley excised a part of the motor area to 
relieve a case of hemichorea Bucy, in a case of left choreo-athetosis, re- 
moved most of the representation of the left upper extremity in area G, 
leaving the posterior part of the precentral gyrus (the area giganto- 
pyramidalis) largely intact. Folloning this procedure, the choreo-athetosih 
temporarily disappeared and was permanently diminished. Subsequently 
Bucy excised areas 4 and 6 in a few other cases and the choreo-athetoid 
movements disappeared. Sachs obtained similar results. From these and 
other cases, it may be stated that areas 4 and G are largely responsible for 
the involuntary movements observed in these extrapyramidal di'order.<; 
(see Chapter XV). 

Areas 4, 6, and 8 and other cortical regions were found involved in a 
number of cases of chronic progressive chorea (Da\ison, Goodharf. anti 
Shlionsky, 1932) and further unpublished cases of variable etiologj’ (Davi- 
son). It will not be necessary to further illustrate chorea by case histories; 
the reader is referred to Case 5, described earlier in this chapter. The cor- 
tical changes observed in these cases raise the question of the rclationsliip 
of destructive lesions in this precentral region to the release of inx-oluntarx’ 
movements. 

Dystoma Musculorum Deformans. The same may be sahl about dys- 
tonia musculorum deformans where change^ in the precentral motor cortex 
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were described by Davison and Goodhart (1938) and others. The follow - 
lug case, iu which excisicu of the nght prciuotor cortex was performed, 
illustrates this. 


CASE 14 


M. S, a girl, aged 12, dovcloiied whooping 
couch at tiie age of 6 week® After the first 
jiarowsmal attack of re«piritQr\ «h-'pnci 
•ind cy.ino'i', the mother Doticerl that the 


tular totiiK alternatetl between hypotonii 
and hi pcrtonia The deep reflexes could not 
be elicited on the right bccaiue of llie 
marked mti'tlc! spi-ro , there were no p.itho- 



Kio 135 (Ca'C 14)— Notice post-op«*rati»c rear m the right premotor area Lateral view 
The djstonic raoiements on the left <ide were not lessened [It u noteworthy that the leaion 
IS m the inferior part of the frontal Jobe nc.ir the face field approximately in areas 44 or 45 — 
cf fig 2, p 11 — rather than at the level of the arm and leg field’ — EnnoR 1 


child had a vacant stare and the right upper 
cxtremitj was held m posterolateral ex- 
ten-iQtv and rotated inward with the palm 
upward She recovered corapJef dy and re- 
mained well until the age of 2Vj From then 
on djsfonia, athctoid and massive swinging 
niovcnienfs of the right upper limb «et in 
Neurological Examination — There were 
marked djsfonic movements of practically 
all muscle B>'oup’. “light facial grimacing 
when at rest, and athetoid movements of 
tlie fingers and toe- The djstonic move- 
ments ineroj'cd on volunfaiy effort. Mu— 


logic il reflexes The patient was dvsarthnc 
but not apha’iic Spasmodic torticollis and 
hjpcttrophj of the left sternocleidomastoid 
mu-elcs were present 
Course — Exei^tion of the right premotor 
cortex was performed for relief from the 
djstonic movements The patient’s condi- 
tion remained unchanged after operation* 
Autopsy Report — Cortex TJiere vea« a 
post-operative sear at the «itc of oxei-ion of 
the right premotor region (fig. 135) There 
was shnnkngo of the bi’al ganglia Micro- 
scopic evimination of the right premotor 


* [As fig 135 clearly .shows, the extirpation lies jiist above the Sjlvnn fi’-ure, niudi 
firther ventralward than the effective cxtirpitions of Buej* and of I’utnam and con-iderablv 
below the “arm’' ait.v — F.WToa 1 
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area (area 6) disclosed distortion of the 
cytoarchitecture Many of the layers were 
destroyed and replaced by glial tr^ue and 
proliferated \essel3 The remaining ner\e 
cells showed many types of patbolc^cal 
changes. The left precentral and other coi- 
tical areas showed thinning, a slight dis- 
tortion in the arrangement of the cgito- 


architecture, with small areas of devastation 
(fig 136) and many types of pathological 
chaises in the ganglion cells The patho- 
logical process was most pronounced in the 
frontal and precentral regions Thepathologv 
of the basal ganglia is omitted from this pres- 
entation The reader can refer to the orig- 
inal article (Davison and Goodhait, 1938) 



I'lf! 136 (Ca'O 14) —Left area 6 from a ca<v of djstoni.i inu-culomni deform m- Xotiie 
distortion m the artangement of the cytodrchitectural Ujers, dropi'ing-oiit of nirve trlN, and 
areas of deva-tation Cresyl violet \ 40 


The above and other cases with disease of area 0 as well as the ca^e 
of Munch-Peterson (1935), who reported dj’stonia in a patient with a 
diffuse inflammatory process in the cerebral cortex, especially in the 
frontal lobes, without abnormalities of the basal ganglia, suggest the rela- 
tionship of these areas of the cortex to the “extrapyramidal” diseases. Of 
interest is the lack of amelioration of the dy'sskinesia when this part of tfie 
right precentral region was cxcise<l in the abo%c case. 
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Similar changes in area 6 were obsei^'ed in a series of cases of spastic 
pseuclosclerosis (Davison. 1932, and Davison and Rabmer, 1940), myo- 
clonus epilepsy (Davison and Keschncr, 1940). and a number of unpub- 
lished cases of progressive hepatolenticular degeneration. Only one case in 
the latter group will be described. 


CASE 15 

Proqressivc Hepatolenticular Degeneration 


G. J- a miQ, aged 34, li»d an upper res-pira- 
4or>‘ infection .it 17. follotTing ^hich there 
appeared diplopia, progres-iie rhythmical 
shaking moiemcnts of the fingers of both 
hand;, and difficulty in speech 

Neurological Examination — There was 
coarse oscilkitorj- tremor of the entire body, 
most marked m the extccmvties, w»th rhjth- 
niienl nodding of the head The tremor of 


the upper extremities was fj-pical of the 
“ElugeUcblagen” seen m this di»oyder 
There was marked rigidity with cogwheel 
phenoiQcoon m all extremities, most marked 
m the upper extremities There was a ma^k- 
Uke fxcies with gaping of the mouth and 
oscillatorj" nioiements of the jaw At the 
corneoccleraJ jimction there w.is a browni-h 
di-eoloration and the pupils reacted slug- 
gislily to light 



Fm. 137 (Case 15) — Section from the precentral region from a ca-e of hepatoirnticiil ir 
dcgcnenition showing di-tortion m the anansmntent of citoarchitctfiiral layer- .ind dropping- 
out of nerie cells. Most of the chaner- are seen in the lowest three li>er- Cre-jl iiolet x 30 
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Autopsy Report— Gc?ierai Orgaat There 
was a tjpical atrophic cirrhosis of the Iner 
and splenomegdlj as seen m hepatolen- 
ticular degeneration 

Cortex. Sections of the precentral motor 
cortex di'closed a distortion of the cjto- 
architectwre. The giant pjiamidal cells of 
Betz, although present, showed marked loss 
of Ni«l substance, and ■jome had a shadow- 
Jike appearance The lowest three lajers in 
these regions showed most of the pathologic 
changes {fig 137); thej alvo contained 


numerous Alzheimer ghal cells, Tjpe II In 
sections through area 8 there was a marked 
distortion of the lowest three cortical 1 1> er>, 
and an increase m microglial cells and Alz- 
heimer ghal cells, Tjpe II, The ner'c cells 
stained poorly and some showed \ariou' 
types of pathological change® Are.!® of 
deiastation in the vicinity of the perivas- 
cular spaces were outstanding The seclion- 
through the basal ganglia disclosed a tv pical 
pathological picture as seen in Wil-on’s 
di'case 


Disturbances in Ocular Movements 

The Motor Eye Field (Area 8) — Only disturbances in ocular move- 
ments which are linked with lesions in area 8 will be discussed. The frontal 
eye field (area 8), first accurately demonstrated by Beevor and Horsley 
(1890b) and by Griinbaum and Sherrington (1901), occupies a small area 
of the cortex in man and forms the posterior part of the second frontal 
convolution. Grunbaum and Sherrington (1901). Leyton and Sherrinpton 
(1917), Bender and Fulton (1938), Foerster (1936b), and others shoned 
that faradic stimulation causes conjugate movements of the eyes to the 
opposite side and opening of the eyelkis (see Chapter XII). Epileptiform 
attacks have also been induced in man by stimulation of this area, the 
seizure beginning with clontc lateral movements of the eyeballs. 

The following case of myoclonus epilepsy with myoclonic movements in 
the eye muscle is of interest in this connection. Although these myoclonic 
movements v^cre generalized, and although most of the pathologic changes 
were present in the basal ganglia, the possible relationship of the ocular 
disturbances to the changes found in area 8 are interesting to contemplate 
(see Davison and Keschner, 1940). 


CASE 16 
Myoclonus Epilepsy 


V D, a woman, aged 23, complained of 
jerky movements of the bodv and general- 
ized convul-iona with lo-s of con'CioU'nes.>. 
The jerky movements of the bodj, face, 
and cjc« vrero spasmodic and lightniDg-like 
m rapiditj. During some attacks the eje- 
luU clo-ed and trembled, during other®, 
the' were open and the head turned to the 
riglit 

Neurological Examination — The e®®en- 
ttal neurologic finding-, were eccenfncjllj 
eitintod pupils, reacting -luggi-hlv to Iwbt; 
luvmlomc movement- of the mu-vle® of th* 
eve®, face, tongue, ami ovtreiiiitie- Th( 


ejes clo®ed and opened during thc-e attack- 
and would turn in conjunction with thn 
head to the right There were al-o bradj- 
kinesia, diminished a"ociafed rnovernent'< 
of the arm m walking, slight rigidity with 
a cogwheel plienomenon in the exfrcroitic®. 
tendency to per®cvrrilion mild citalcptoui 
attitude, monotonou® dv-arlhric spocch, ami 
clum-ine®? in fierformmg -killed act® Tin- 
patient «a® dull, retarded, and iinrc«pon-ivc 
mentallv 

Autopsy Report — Cortir. The front -vl 
convolution-, arei® -t. C. iinii S ^howl.l tin 
following There w i- ,i -light ili-tortioti of 
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the cjtoarchitecture with occasionil drop- 
ping-out and pallor of the ner%e cells and 
pTomincnce of the nviclei IncKi'-ion bodie' 
were present in the ganglion and ghal cells 
Many of the nerae cells with inclnsion 


bodies were deformed and showed aanom 
pathological changes Small areas of de\ as- 
tation were aUo noted Similar and eiten- 
sire changes were found in the substantia 
nigra 


Although the pathologic process tt*as uidespreacl. it is possible that the 
release of generalized clonic movements and other extrapyramidal symp- 
toms was influenced by the lesions in areas 4 and 6, The ocular manifesta- 
tions. such as the conjugate movements, the opening and the closing of the 
eyelids and turning of the head may have been related to the lesions in 
area S. The mental picture was probably caused by the lesions found in 
the frontal and other convolutions. 


Summary 

In spite of the occasional apparently contradictor^’ clinical findings 
cited, it is obvious that the precentral motor cortex is closely related to 
the postural and righting reflexes; and that nhereas destruction of areas 
4 and 6 usually results in spasticity and hyperreflexia, lesions of area 4 
alone are commonly associated uith flaccidity. Involvement of the post- 
central region with resulting sensorj' disturbances may also be associated 
with flaccidity. The e.xact interpretation of this fact awaits further study. 

Destructive lesions of the precentral motor cortex, especially of area 4, 
result in the impairment of volitional and skilled movements. The defect 
is greatest in the highly organized and finely coordinated skilled move- 
ments of the digits. Bilateral lesions of the precentral motor cortex result 
in disturbances of the sphincters. On the other hand, irritative lesions of 
the precentral motor cortex cause focal or Jacksonian convulsive seizures. 

Forced grasping and groping usually are associated with lesions in the 
posterior part of the upper frontal convolutions, with involvement of areas 
4 and 6. The grasp reflex, in view of its occasional occurrence in association 
with lesions in other parts of the brain, becomes of questionable value as 
a localizing sign in the presence of marked internal hydrocephalus or 
severely increased intracranial pressure. 

Autonomic disturbances may occur in association with lesions in the 
precentral motor cortex. 

Temporarj’ parah’sis of conjugate lateral moi'ement of the eyes toward 
the opposite side frequently results from destructive lesions in area S. 
whereas irritative lesions of areas 6 and S cause involuntarj' turning of the 
head and eyes tov.-ard the opposite side. 

When lesions of the precentral motor cortex are associated with in- 
volvement of the frontal areas lying farther forward, i.e.. areas 9, 10, 11. 
12. etc., behavior disturbances may occur. 
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SIGNIFICANCE OF THE PRECENTRAL 
MOTOR CORTEX 

METHODS AND TERMINOLOGY 

T he DETERiH^ATIOX OF SIGXIFICAXCE is a cortical act, 
and requires the integrity of large areas of the cortical surface 
together with subcortical and iiitracortical connections. The word 
significance requires t^o modifying phrases expressing relation, one of 
possession, naming the object, and the other of purpose, outlining the 
limits to which the first phrase may be applied. The significance of any 
part of the central nervous system must be gauged by a just and logical 
appraisal of the results of methods used to study its contribution to the 
activity of the whole intact organism. Two methods are m general use" 
(1) comparison of the normal activity under investigation with change 
observed subsequent to removal or injurj- of the particular region, and 
(2) the recording of stimulation of that area, either directly by the electric 
current or indirectly by the stimulation of nerve paths which impinge upon 
it. The first method is indirect, for the results of ablation are. indeed, only 
the sum of the total activity of the remaining tissue. The second method 
is more direct but at best grossly artificial. Because the human “mind’’ 
demands that the results of methods used to study a part of a phenomenon 
fit into a logical scheme, the results obtained by each of these methods 
must be at least partial reciprocals of each other. In the case of the “motor" 
cortex of the frontal lobe, these methods ha\‘e indicated that its contribu- 
tion to function is limited to the control of the effector systems of the 
animal body. This particular tissue is therefore unconcerned with the 
activity of the special senses or with the "higher" integrative function of 
the cortex cerebi. It is, in Hughlmgs Jackson's terminologj’, the middle 
level. A third method of study may be applied to the elucidation of the 
contribution of this middle level to function; for changes m motor per- 
formance which accompany growth of individual animals of a single species 
should logically recapitulate in some uaj's the results of ablations of parts 
of the precentral motor cortex. 

This introduction implies that the “motor'* cortex can be identified and 
delimited. Its limits will be dependent upon its definition. And its defini- 
tion can be established either by a distinctive structure or a peculiar func- 
tion. The distinctive structure of the precentral motor cortex could depend 
upon its cytoarchitecture, or upon the peculiarity of either its afferent or 
efferent connections; or, conceivablj' upon characteristic intracortical rela- 
tions. Or, again, it is possible that, having discovered an element of struc- 
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ture which delimited it accurately, no corresponding characteristic function 
could be demonstrated. 

Besides these difficulties, inherent in our present approach to the in- 
terpretation of that which the “motor” cortex contributes to the animal’s 
use of its effector mechanisms, there are others. These have their origin in 
the necessity of using terms of description for the assay of results either 
of ablation or of stimulation of this region. The majority of these terms of 
description fall into three general classes: (1) those which are patently 
erroneous, (2) those which are loosely used, and (3) those which start a 
train of implications. Frequently the movements made by a primate sub- 
sequent to ablation of the precentral gyrus are described as involuntary, 
allocating to the function abolished the adjective voluntary. And yet a 
primate which has suffered such a loss is able to take food with the hand 
opposite the lesion. Was that movement involuntary? Certainly, it looked 
as if he was able to accomplish the desired end. 

The use of muscles opposite the lesions changes w'itli time. This change 
for the better if it is great has been described as restitution when only 
improvement is meant. There is always a residual loss, if the operation has 
removed the whole of the precentral gj'rus which controls the extremity in 
question. In too many descriptions of the state of skeletal muscle subse- 
quent to surgical removal of this area, such adjectives as defective or weak 
have replaced accurate descriptions of how the individual uses the muscles 
opposite the lesion. ‘ What, for example, does the sentence, “All movements 
of the fingers were defective,” mean? Could they be flexed, extended, ab- 
ducted or adducted partially or were some of these movements bettor 
accomplished than others? Was it necessary for the patient to fix proximal 
muscles to accomplish one or all of these muscular contractions? How 
much effort did the contractions which could be accomplished take? What 
does “a weak contraction” mean? That only a part of the muscle fibers 
w’ithin the muscle contracted or that the rhythm of contraction was al- 
tered? Again was this weakness of contraction accompanied or unaccom- 
panied by movement in cooperating muscles? How did the antagonists 
behave? 

Apparently the adjective exaggeraterl as applied to tendon reflexes is 
used in two ways: (1) to describe a greater than normal arc of movement, 
and (2) to express the shortenetl latent peritKl of the spastic tendon jerk. 

The use of the term “upper motor neuron lesion,” as a contrast to 

' and its allied disorders of moicroent do not Jiaic that finality of ncwneKi 

which stimulates accurate de-cripfion A conipan-oa of recent chnieal textbooks m Xeiirolocv 
with Iho'o written 50 jears aco will demonstrate to the ilouhtful that the authors of the httcr 
were wTiting what thej had seen the iMticnt do. Only when the re-iill* of injury to the crnlral 
non oils sitlem can be caprc^scd in malheinalical forinul'ie csm HucbUn':s Jack-on’s juUicc be 
disregarded 
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“lower motor neuron lesion,” has caused many to attribute the sequelae of 
damage to the cerebral motor sj’stems to injury of a single corticifugal 
system, the pyramidal tract. Such thinking denies participation in the 
results of such lesions to other known corticifugal systems. For years the 
paralysis and the spasticity resulting from injury to the internal capsule 
or to the cortical surface of the precentral gyrus have been explained by 
the loss of this single corticifugal sj’stem. On the one hand that system 
prevented the appearance of Jackson's phenomena of release, and on the 
other produced voluntary movements! In turn the prevention of the ap- 
pearance of the former group of sequelae came to be explained by the 
term inhibition.* It may be too much to ask that the use of explanatory 
terms be postponed until the explanation is forthcoming and that descrip- 
tive terms be substituted. The hierarchy of levels as used in the central 
nervous system implies that each in turn “inhibits" the uncontrolled 
activity of those belon it. Such a concept serves a real purpose if it is rec- 
ognized that It IS only a concept of action within the central nervous sys- 
tem. neither an e.xplanation nor a cause. But the thinking of man slips 
so easily! 

Although there is a growing comprehension that in general “centers”* 
in the central nervous system are incapable of isolated function, neverthe- 
less the urge to allocate function in structure remains This urge seen.\s to 
be a fundamental part of human thinking, for having disco\ered a 
morphologically discrete area a distinctive contribution to organized activ- 
ity is sought. And the cerebral mantle is no exception. Further, the compul- 
sion to place function in cortical space has been productive, as a compari- 
son of the results of cortical removals in animals without regard to cortical 
structure (see Hines. 1929) with (hose %vhich have been made since that 
date with an eye on structure is nitness. The constraint to relate structure 
and function is sound, but it must be done with understanding of inherent 
limitations. 

This appraisal of the contribution made to the control of movement 
by the precentral motor cortex will be attempted vith as little use of 
customary terminology as possible. 

’The writer of tbi« chapter i? in ihoroticb jpreenient with Beada and Cobb {ia42) about 
the ii-e of tin- word. .Although the origiDjl lueaiunR of ihe word i» "to hold m check,” it i» 
now Used for the most part iis if it meant "to stop" (see the Oxford Dictiomrj ). lo the ca-o 
of a relavation of tonic mncrx.ation of skeletal mitcle elicited by electrical stiniul.ition of the 
'iirface of the cortex cerebri Hines and Boynton (1M0> xi-ed the term chala-is That word 
expre'se? what u seen .md has no ImpIlcatlon:^ Porhn»> the time i? almost ripe to rc.'lS'e^^ 
the action of the ‘•higher” lexcU of the central neriou« sxstem upon the "lower” levels m 
«uch .1 way that the production of relixition by them i- di-tingruiihed from the suppre'^'ion 
which the> exert and from their more eliborate actmlv of control 

’ Rexiewmii the hi-tory of the \i>e of the term “center" for any particular region within 
the central nenou- s>stem siigge-t- tint it i- Ured diirinc the eirlier stage* of development 
of knowledge of function of the region under scmfinx 
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ARCHITECTURE 

The precentral motor cortex includes the whole of Brodmann’s areas 4, 6, 
and 44, the area frontalis agranularis and dysgranularis. It is von Bonin’s 
precentral subsector, the recipient of thalamocortical fibers from the 
anterior division of the ventrolateral nucleus of the thalamus, which in 
turn is the terminus for the dentatothalamic tract. These thalamocortical 
fibers terminate apparently without discrimination throughout the whole 
precentral subsector in the axonal plexus of the lower part of layer IIIc and 
the just visible layer IV. 

The association or commissural fibers connecting the homologous het- 
erolateral areas of the whole precentral subsector are similar. Each of the 
subdivisions of the precentral subsector are similarly related, (1) with the 
contralateral areas 4 and 6 and (2) with areas 1, 5, and 7 of the parietal 
lobe. The whole precentral subsector receives homolatcral association fibers 
from areas 1, 2, 3, and 5 of the parietal lobe, and from 21 and 22 of the 
temporal lobe.* Area 4 receives terminals originating in area 7 of the 
parietal lobe, and in areas 8, 9, and 10 of the frontal lobe. The upper part 
of area 6 receives fibers from area 4; lower 6, from area 10. It is very 
peculiar that no short association fibers have been described connecting 
areas 8 and 6, and that none have been found which originate in 0 and 
terminate in 4 These connections have been determined by microscopical 
studies, largely with the Marchi method. It should be noted that the 
results of this method are not always in agreement with the results of 
the electrical methods (neuronography) as reported by McCulloch in 
Chapter VIII. 

Both the honiolateral and heterolatcral association axons terminate in 
layers II and Ilia and in layers Vc and VI. Cajal believed that the coll 
bodies of fibers passing through the corpus callosum were pyramidal cells 
in layers II and Ilia, and Fines (cited by von Economo and Koskinas, 
1925, p. 183) that these fibers arose from cells m layer V. 

The corticifugal fibers from the precentral subsector are axons of 
pyramidal cells m layer Vb. To this origin Cajal would add the spindle 
cells of layer VI and the pyramidal cells of layer IIIc. Assignment of these 
cells as origins for definite tracts is not possible at the present time.'’ Rotro- 

'Thc carefal reader will note ihu the -nDtei Irft out area 17, 'reliitli VTaiker iniUidnJ 
(Chapter IV) Tlii« was done beesM-e Jx; Groi ClarL'a (lOtl) e.ircful work on the am 
striata lead him to bplie\c that if the legion was smalt and confined to aici 17, no a-'Ocnfion 
fibers extended further than 5 inni Tins interpretation of dtgrneration is at \arianee with 
that of Mettlcr (19350, as Walker nolcd 

‘Von Cconomo and Koskinas (1925) max be consulted (p 181) b> anjone who is ciinoiM 
enough to read their assignment of origin of corticifugil syifcnn upon ground-* of logical 
probabihtj 
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grade chroinatolysis following hemisectioii of the macaque’s spinal cord 
were found in the giant and large pjTamidal cells of area 4 (Levin and 
Bradford); following lesion at the rostral level of the pons (Levin and 
Hayashi; see also Levin, Chapter V) m the medium and small pjTamids 
of areas 4 and 4s. But these cells were not placed in any particular layer. 

The whole precentral subsector of the macaque cortex (Levin, 1936; 
Verhaart and Kennard, 1940; Hines, 1943) sends axons to the lateral 
nuclear mass of the thalamus, the subthalamic area, the substantia nigra, 
the pontine nuclei, and the tegmentum of the medulla oblongata. Area 6 
and the posterior part of area 4 (Levin, 1936) projects upon the nucleus 
ruber. Areas 4 (Levin. 1936; Verhaart and Kennard, 1940) and 4s (Hines, 
1943) share in the origin of the tractus corticospinalis And as character- 
istic of destruction of area 4s alone (Hines, 1943) myelin degeneration 
was found to enter the ventral thalamic nucleus, the midbram tegmentum, 
the septum pellucidum (also found by Mettler. 1935b) and the gyrus sub- 
callosus. The precentral subsector is related as a whole to each one of the 
main motor masses of the brain stem, e.vcept the corpus striatum. The 
exact origin of the frontopallidal tract is unknown and the 4s-caudate sys- 
tem awaits anatomical identification. 

The difficulty in analysis of the corticifugal systems from the pre- 
central subsector is due to the fact that their axons are not found in pure 
culture at any place m the brain (as far as known at the present). Further- 
more, analysis of corticifugal systems by the Marchi method does not 
always dovetail in all particulars with that by axonal reaction. JIarchi 
degeneration demonstrated that no fibers from area 6 are found in the 
pyramids (Levin. 193G; ^'erhaart and Kennard, 1940); axonal reaction 
showed that no chroinatolysis is found in area 6 subsequent to hemisection 
of the spinal cord (Levin and Bradford. 1938). 

In the macaque, the Marchi method shows degeneration m the pyra- 
mids subsequent to removal (1) of the postenor part of area 4 (Levin. 
193G). (2) of cytoarchitecturally discrete areas or all of the parietal lobe 
(Peele. 1942). and (3) of area 4s (Hines, 1943). Ablation of area 4s, also, 
results in degeneration m the lateral funiculus of the spinal cord on both 
sides and in the ventral funiculus (Hines, 1943). On the other hand, studies 
of secondary or axonal chroinatolysis disclose retrograde degeneration in 
area 4 and in each area of the parietal lobe following division of the pyra- 
mid, while hemisection of the brain stem at the rostral level of the pons 
results in chroinatolysis in areas 4, 4s, and C (Levin. Chapter ^'). but 
hemisection of the spinal cord at C2 causes no degeneration in area 4s 
(Levin and Bradford, 1938). 
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In man, Schroder (1914) found all chromatolytic reactions subsequent 
to old lesions within the internal capsule, the midbrain, the medulla ob- 
longata, and the spinal cord to be confined to the precentral gyrus and its 
annectent gyn. If this were true it would indicate that the parietospinal 
component found in the pyramids of the macaque is not present in man. In 
the rabbit (Swank, 1936) the pyramids contain fibers which originate in 
the basal ganglia. Xo one, so far as the writer knows, has studied the 
origin of the fibers of the pyramidal tract in the chimpanzee ; nor are there 
any Marchi studies of degeneration subsequent to surgical removals of the 
parietal lobe either in the great apes or in man. 

Further the actual termination of even that portion of the pyramidal 
tract which enters the spinal cord is not known, Marchi preparations can 
give no more than the general site of termination. The method of degen- 
erating boutons as studied by Hoff (1932) is not above criticism (see 
Barnard, 1940).* Leyton and Sherrington (1917) followed degenerating 
myelin into the ventral horn and found it to end among the cells of the 
motor nuclei after removal of the arm area in the chimpanzee. Schafer 
(1884, 1899) did not find this in the monkeys he studied; rather he found 
degenerated myelin at the base of the dorsal horn and in the region of 
Clark's nucleus The writer has seen black droplets’ not only m all of these 
places in the monkey after ablation of area 4s or after cutting of a pyramid 
(Dr. Tower’s preparations) but also in the intermediate area, among the 
cells of the intermedio-Iateral column (thoracic level) and similar to 
Leyton and Sherrington's report among the cells of the nuclei of the 
ventral horn, 

Axonal relationships as found in the macaque show the precentral sub- 
sector to be alike in its thalamocortical projections and its heterolateral 
association fibers There are at least three zones (areas 4, 0, and 44), char- 
acterized by different homolateral association fibers and another three 
(areas 4, 4s, and 6) which can be differentiated upon their corticifugal 
connections. Area 44 has not been studied in this connection. It is highly 
probable that these differences in fiber relations of tiie precentral motor 
cortex were found because the architectonics of the region were recognized. 

* IlofI reported Dial he found chloral hjdrate to be a belter Ih.in foriii.ihn Chloril 

ludrute is u-ed in hi»fo!ocy iis a inareratinj; aeent Uoiiijn (jim.ite commiinnation) con- 
sider" llul --o f.ir all nicthocU of hxition arc «o j-Iow tliat no norm for bouton.'" Irrmimiix cm 
lie Cfft.ibh'hed for TTarm-bloodeiJ aTnroal' 

’ [It !•" perhap'i not aini-%> to call attention again to the fut tint tlie Mirrlii lailJioil h 
\ rr} su'teplible to the <Ie»cIopnicnt of artifact-* Eton wlien the irre.ilp't i ire )i i- been t iken 
the m\P'tis\tor i'» often mo«t di-avi’oiiitctl to find hluL droiUt-* tcitteriif nuh'lv tlirouiili- 
oiit the tiviie-, to nuke rcli ibfc intcrpntalion inipo—ibfc Kirn in inori faionblr 
^ca ttered ho! it oil bl tek droplets commonly Iia\e to be wn and iirnorcd In n-inir tlir M in hi 
method onli tho-'e findings iiliieli c.in be con<i'tonth tonfiriiiod in h of animil'' CHn N 

uoeptrd a« reliible — Epitor ] 
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In Bonin's study (Chapter II) of the cjdoarchitecture of the pre- 
central gyrus, that gyrus of man was found to be characterized by an area 
not found in any of the monkeys nor m the ape which he studied. This 
area, FA of von Economo and Koskinas or 4a of Bonin, occupies a large 
proportion of the arm area and about one-half of the face area In his 
classification, area 4 of man should be divided into three cytoarchi- 
tecturally distinct regions, the area gigantocellularis Ay (FAy of von 
Economo and Koskinas). the area inotona simplex. 4a (FA of von Econ- 
omo and Koskinas), and the area precentralis suppressoria. 4s. This area, 
the anterior division of area 4. was first identified by Hines (1936. 1937) as 
distinct physiologically from the posterior division of 4 in the macaque; 
for ablation of this narrow strip of cortex was followed by spasticity and 
inability to adduct the thigh and to abduct the toes Later Dusser de 
Barenne and McCulloch (see McCulloch. Chapter ITII) called this strip 
of cortical tissue 4s, in both the macaque and the chimpanzee. In man 
area 4s is characterized by large pyramidal cells in layer IIIc (layer iva 
of Bonin, see pp. 8 and 17) In the “leg’ field, there are giant pyramidal 
cells in layer as well. 

Bonin divides the remainder of the precentral subsector into an 
agranular area (G) which lies anteriorly, and a dysgranular area (44) which 
is to be found both anterior and ventral to the “face” field of the area 
gigantocellularis. The premotor area (6 of Brodinann ; FB of von Economo 
and Koskinas; 6a of the I’ogts) is differentiated from all divisions of 4 
by the columnar arrangement of the nerve cells m layers III. by the 
smaller size of these cells, by a slightly thinner cortex, and a more pro- 
nounced stratification. The area precentralis dysgranulans (44) is char- 
acterized by the intermingling of small and large cells in layer IV. by 
clear-cut subdivisions m both layers III and H’. and by plainly marked off 
layers ii and in. All subcUvisions of 4 and 6 are umstnated, while 44 is 
bistriated. 

Bonin, like von Economo and Koskinas. did not report the “hair 
sharp” boundaries of the Vogts for any of these areas. The reader gathers 
that the lines marked on the drawings which represent the surface of the 
cortex cerebri in the animals studied are as accurate as the material allows. 
Certainly in the w riter's e.xperience there is great individual variation from 
cortex to cortex even in the macaque Nevertheless, there are throughout 
the cortices of primates so far studied certain similarities in cortical struc- 
ture. certain similarities in corticipelal and corticifugal systems, and certain 
others in the intracortical connections. It seems logical then to search for 
certain similarities in the results of our methods of study to determine 
their separate contributions to function. 
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APPRAISAL OF THE RESULTS OF STIMULATION 

Electrical stimulation of the surface of the precentral motor cortex is at 
best a crude method of gaming knowledge of its contribution to function. 
The results of such stimulations are modified not only by temperature, by 
blood supply, and by shock, as Sherrington demonstrated, but also by flou 
of cerebrospinal fluid, by the type and depth of anaesthesia, and by the 
type and intensity of the stimidating current (Boynton and Hines, 1933; 
Hines and Boynton, 1940; Tower and Hines, unpublished). The size of 
the unipolar electrode or the distance between the poles of the bipolar 
electrode determine the size of the block of cortical tissue stimulated. Con- 
sequently, all other considerations aside, the smaller that block of tissue, 
the simpler the movements obtained. The type and depth of anaesthesia 
determines within limits the cortieifugal system aroused, as well as the 
spontaneous activity of the cortex itself (Derbyshire et ol , 1936; Marshall 
et al., 1937). The conditions of electrical stimulation of the cortex cerebri 
of mammals are not. therefore, in the strict sense comparable, unless the 
anaesthetic and the type of current are similar. Certainly, even m man, 
where the cortex can be stimulated without anaesthetizing the subject, 
theie is no assurance that the movements obtained are the result of isolated 
activation of the pyramidal tract or of the activation of single nerve cells. 
For example, the recent results of electrical stimulation of the precentral 
gyrus in man (Penfield and Boldrey, 1937; Scarff, 1940) are not as similar 
to each other as our experience with subhuman primates would lead us to 
expect. It is possible that the human brain shows greater variation than 
brains of the subhuman primates. It is also possible that the variations arc 
not innate but are rather the result of the conditions which put the human 
beings into the hands of the neurosurgeons, or, again, the result of condi- 
tions of stimulation which are not comparable. The patients of Krause 
were stimulated under a general anaesthesia, while those of Penfield. 
Scarff, and Foerster were conscious Krause used the faradic current; 
Foerster, the faradic and the direct current; Penfield, the galvanic, tlie 
faradic, and the thyratron; and Scarff, both the faradic current and the 
thyratron. As yet Buey has not analyzed his results of stimulation of this 
region with the GO cp.s. sine-wave current. That no surgeon has reported 
results comparable to those given by Foerster for the stimulation of the 
Vogts area Gaa (4a of Bonin) may be due to the fact that no one el«c 
has stimulated the precentral gyrus after the surgical separation of areas 
4y and 4a or after the interruption of the cortieifugal pathways from the 
precentral g>TUs. 

Although Penfield and Erickson (1941, fig. 10, p. 40) have now given 
a topographical sequence as characteristic of the results of electrical stiiii- 
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Illation of this gjTUS in man, so far no report from that clinic has recorded 
separate loci for individual muscles or muscle groups of a given extremity, 
except for the extensors and flexors of the fingers. On the other hand, 
Krause pictured such loci not only for the fingers but also for the thumb. 




Fig. 13S— Drawings of the bletJl and medial surface* re-rectnclj of the ncht rorte\ 
cerebri of a chimpanzee The imi~cw!ature of the bod> which re-ponded to cortical »tininlat(on 
indicated as if projected upon the precentral gyms (a) and upon the paraccntnl lobule (b) 
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wrist, and elbow, which substantiates for the arm the description given by 
Foerster (1936b). A similar but less complete distribution of loci for sepa- 
rate movements of joints obtained by Hines (1940) in the adult 
chimpanzee (fig. 138a). 

In the macaque, stimulating with 60 c.ps. sine-wave current under 
nembutal anaesthesia in a mosaic of points 2 mm. apart anteropostenorly 
and 1 mm. mediolaterally, Woolsey (1938; private communication) de- 
fined a pattern of representation m the precentral gyrus which apparently 
can be analyzed in terms of basic motor arrangements of the spinal cord. 
In the “leg” field, between the fields for tail and trunk, muscles derived 
from the dorsal muscle sheet (i e., extensors and abductors) were found 
represented mainly on the medial surface of the hemisphere ; those derived 
from the ventral muscle sheet (flexors and adductors; see Hines. 1943, 
p 28) on the dorsolateral surface. Fewer experiments were made on the 
“arm” and “face” fields than on the rest of the “motor cortex.” and the 
basic plan for the arm area still requires clarification. It appears, however, 
that extensors and flexors for each segment of the forelimb alternate in 
strips which cross the precentral gyrus anteropostenorly. Perhaps the most 
important finding with respect to the “arm” field in this study is the ihs- 
covery that distal parts of the arm, especially the small muscles of the 
hand, are represented not only in the accepted “hand” field but also in 
a w’ell-defined strip through the area for the trunk and shoulder in which 
responses of fingers and wrist are intermingled with those of trunk and 
shoulder. This strip of cortex lies adjacent to the boundary between Dus«er 
de Barenne's "arm” and “leg” fields. At the corresponding le\el of the 
postcentral gyrus the postaxial skin field of the arm, innervated by Ti and 
Tz, IS represented (Woolsey, Marshall, and Bard, 1942). On the motor side, 
muscles of the hand and wrist are supplied in part by these same two levels 
of the cord. Since the hand muscles are also innervated by lower cervical 
levels, whereas muscles of proximal segments of the forelimb are supplied 
by higher cervical levels, Woolsey suggests that the findings with respect 
to the hand may he explained by a-ssunuu^ on the motor side a reversal of 
the cervical segments on proj'ection to the cortex similar to that previously 
described for the sensory sj'sfem (Woolsey, Marshall, and Card, 1942). 

Even in the face area Woolsey (1947; private communication) found 
that the topical localization of reacting muscles projected on the prccoiifral 
gjTus is surprisingly like the mirror image of the topical localization of 
the skin area of the face as delimited by evoked potential (WooFey. 
Marshall, and Bard, 1942). For example, the ip'iilatoral motor area on tlw 
precentral gyrus lies adj’acent to the ip«ilaleral skin area of the face on 
the postcentral gyrus acro" the central fissure. 
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This study indicates that in the precentral gyrus of the macaque there 
is a detailed pattern of representation of the skeletal muscular system and 
that the basic plan of this pattern can be analyzed in terms of muscles. 
Thus, although there is overlapping of cortical fields for various muscles 
and muscle groups, comparable to the overlapping of cortical fields for 
peripheral cutaneous areas individual muscles are represented maximally 
in specific parts of the precentral g>Tus; just as areas of skin are repre- 
sented maximally at particular points on the postcentral gjTus. This 
similarity in topical organization betueen the precentral and the post- 
central gyrus suggests a special relation of afferent areas receiving cutane- 
ous sensibility to efferent pathways leaving the cortex (Woolsey, 1947). It 
is just possible that further jinalysis of the organization of the representa- 
tion of the skeletal muscular sj’stein in the precentral gyrus will discover 
as neat a projection of the segments of the spinal cord as has been found 
for the postcentral gjTus in terms of dorsal roots and dermatomes 
(Woolsey. 1947). 

That in the macaque's precentral gyrus there is a detailed pattern of 
representation of the skeletal muscular system and that the basic plan of 
this pattern can be analyzed in terms of muscles has been confirmed for the 
muscles acting upon or over the ankle joint. In a meticulous study Chang. 
Ruch, and Ward (1947) recorded myographically the simultaneous re- 
sponses of eight muscles. During a systematic exploration of the dorso- 
lateral surface of the precentral g>Tus of nine macaques the contractions 
of these eight individual muscles were isometrically recorded and their 
relative threshold, latency of response, and tension-ratio were recorded 

When the stimulating current was near threshold value, a focus was 
found for all the muscles acting over or on the ankle joint except the m. 
peroneus longus. (Woolsey found the focus of this muscle on the medial 
surface.) The focus of representation for any two of the eight muscles 
attached to the myograph nas never discovered at exactly the same locus 
although the fringes around cont^uous foci for different muscles over- 
lapped to a greater or lesser extent. No manipulation of the stimulating 
current on these fringes was able to produce solitary responses. Also, there 
were silent areas for the muscles attached to the myograph. 

Furthermore, the points yielding the shortest latency clustered in a re- 
stricted focus while those of long latency were on the fringe. The foci of 
shortest latency corresponded to those which yielded solitary responses. 
That IS, the foci which yielded solitarj* responses were also characterized 
by a minimal latent period; those which yielded multiple responses, by a 
longer latent period. When several muscles responded to the activation 
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of a cortical focus for a particular muscle, the tension-ratio of that muscle 
was always stronger than for that of any of the other muscles responding. 

The details of this study not only support the analysis of Woolsey, 
but also demonstrate that it is possible to elicit topical motor activity 
without a concomitant of topical inhibitory activity. Moreover, Bosma 
and Gellhorn’s (1946) electromyographical studies of response of an- 
tagonistic flexor and extensor muscles to stimulation of the “motor” cortex 
show that these muscles (in cat and monkey) under certain conditions 
can be caused to contract simultaneously without an initial phase of 
inhibitory activity within the .opposing muscle. Therefore, without evi- 
dence of the reciprocal innerwation of Henng and Sherrington (1897), 
which Walshe (1946) considers to be “the essence of motor response to 
cortical activity,” contraction of single muscles and coiimervation of 
opposing muscles can be elicited by stimulation of this cortical tissue. 

That Leyton and Sherrington did not find such loci may be due to the 
type of electric current used for stimulation. Whereas the sine-ivave cur- 
rent can be controlled and the frequency and intensity made to remain 
constant, the frequency and the intensity of the faradic current varies 
from time to time. Hines and Boynton (1940) found (1) that the peculiar 
resemblance “to life” of the movements elicited by stimulation with the 
sine-^\ave current were not obtained either with the faradic current or 
nith the square wave, and (2) that there was an optimum frequency with 
the sine-wave current. Utilizing square-wave currents the threshold was 
lower with 60 e.ps. than with 59 c.p.s., and the former elicited isolated 
movements but the latter did not. The results of electrical stimulation of 
the precentral gjTus do not demonstrate the ability of that region to 
produce movement per se; rather, they illustrate what the neuromuscular 
mechanism can do when a current of particular form and intensity is 
applied to the cortical surface. Undoubtedly variations from individual 
to individual exist. Certainly some minute type of anatomical localization 
must be present. Some of the variations reported by neurosurgeons must be 
due to the current used and some may possibly be the result of analysis." 

’There js great difficult} in e\alu'itinc the re-ults of electrical ttimulafion of the pre- 
centr.vl g\ru» of man for comparison with tho>e of the more c\h'»U'tno explorations of the 
homoloeou- area la laboratory primate* Xeithcr Foer-ter nor I'enfiehl and Holdrcv give the 
mdiMdml protocol* from which their conclu-ion* nere drann .\nd although both Krau>e and 
Scarff li't the re-u!ts of their eleetricjl explorations of the precentral geru*. the number of 
point' 'tiimilited within an} one pirliculir area are «o few that little can be known about 
the fotil cipieit} of the region -o inxe'tigated Further, unle-s the ob'er\er knows something 
.iboiit the mu'Cle' who-e oontraetion produces the mo'ement recorded, the scientific lalue 
of the record i» indeed «!ight For cximple, in Penfield and Boldrej’s report (1937, p 115) 
met jcarpoph ilangeal joint nioiement hi* been dc'cnbed regiiljr!} a- ‘mo'cment of the 
hind'” The-e joint' can be flexed bv three different ni«-cle— the flexor digiiorum siibliiiii'. 
the flexor digitoruiii profimdu', ind the intero.-ei 
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In resume, besides the elicitation of contraction of single muscles or 
parts of single muscles, that of either extensor or flexor sheets of muscles 
was obtained as well as coinnervations involving both flexors and exten- 
sors. The coinnervations resembled the patterns of movements in use by 
the particular animal in question (Hines and Boynton, 1940, for the 
macaque; Hines, 1940, for the chimpanzee). These movements never sur- 
vived surgical division of the pyramids (Tower and Hines, unpublished, 
macaque). What did survive this procedure were synergic movements, ipsi- 
lateral, contralateral, and bilateral, which frequently reached the scope 
of acts. 

Hering’s (1S9S) method of analysis of one of the use patterns common 
to all primates shoved that that locus which yielded the whole movement 
would, under given conditions, yield a part. Hering determined the point 
on the precentral g5Tus of a monkey (species not given), electrical stimu- 
lation of which yielded flexion of the Angers and extension of the VTist. 
He cut the flexor digitorum communis tendon. Upon restimulation of the 
point, extension of the wrist was elicited. In another animal the tendons 
of the extensores carpi radialis longus et brevis were severed. Stimulation 
of the locus which had given the whole movement now yielded only 
flexion of the fingers. 

The summed picture of reactive points published by Penfield and 
Boldrey (1937). representing loci which yielded motor responses to the 
application of the electric current, showed that only a few of these points 
transgressed the anterior border of the precentral gjTus. Further, these 
points were definitely more dense in the posterior division of this gyrus. 
Nevertheless, many were located not only in area 4a but also in area 6. 
Comparison of the line drawn for the anterior border of area 4 either 
b}’ Campbell, Brodmann, or Bucy with the limit of the reactive points in 
the adult chimpanzee's precentral gjTus (Hines, 1940), shows that area 6 
jnelds contraction of isolated movements. This was particularly true of 
the face area. But if the reactive points of lowest threshold be outlined on 
this g>Tus in the arm and leg areas, then the majority of them fall within 
some part of area 4 (of Bonin). No attempt was made in these stimu- 
lations to use the electric current to differentiate the boundary of area 4 
from that of area 6. 

In the macaque (Hines, 1937) it is possible to determine with some 
degree of accuracy the border line between areas 4s and 6. If the sine-wave 
current is kept at threshold value, a line can be drawn just anterior to the 
dorsoventral row of points from which isolated movements of the contra- 
lateral proximal part of the leg (dorsal to the superior precentral fissure) 
and of the arm (ventral to this fissure) were elicited. The cortical tissue 
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anterior to this line ^^iIl show the architecture of area 6, and that posterior 
to it the structure of area 4.* This was obsen'ed in all the brains from which 
area G was removed. This line has to be determined for each brain at the 
time of operation, for it is not possible to draw a picture of the surface 
markings of the cortex cerebri of the adult brain of this primate and trace 
thereon an anterior boundarj' for area 4 which will hold true for each indi- 
vidual of this species. However, if the faradic current is used, the excitable 
cortex transgresses upon the posterior border of area 6 in the macaque just 
as Campbell described for the chimpanzees stimulated by Leyton (or 
Griinbaum) and Sherrington. 

Results of Stimulation of Area 6 

In man, Foerster (1931, 1936b) reported that faradic currents of high 
intensity elicited from area 6 (his 6aiS) rotation of the head, eyes, and trunk 
to the opposite side, as well as complex sjmergic movements of flexion 
or of extension of the contralateral arm and leg, even after areas 4 and Ca« 
(4a of Bonin) had been removed. If the writer understands Penfield and 
Erickson (1941) correctly, they ha\e produced similar movements in 
man only when there was an epileptic after-discharge present, and never 
as a simple cortical response. No such explanation can be offered for the 
results of stimulations of a few points in the homologous region of the 
chimpanzee’s cortex. These points yielded contraction of proximal muscles 
of the arm or of the leg and rather simple synergic movements with 2.0 
niA or less of the sine-wave current (Hines, 1940). In the macaque, with 
both pyramids cut, stimulation with this current of the anterior division of 
area 4 and the posterior division of area 6 elicited both diagonal move- 
ments (one arm and the contralateral leg) and synergic movements of 
flexors and extensors; when the anterior division of area G was stimu- 
lated, flexor synergies with grasping and conjugate deviation of the eye®, 
head, and trunk to the opposite side were obtained (Tower and IIine«. 
unpublished). 

KennaTil (Chapter XI) has outlineri the ohanges in antonomic fuuctiou 
which result from stimulation of this area. Xot only were contractions of 
gastric musculature recorded, but also changes in kidney volume. On the 
other hand, in man, Penfield and Boldrey (1937) found no evidence of 
gastrointestinal response to stimulation of the cortex. Conjugate inoie- 
ments of the eyes in man were found by Erickson (Chapter XIII) to l>e 
the result of stimulation of area 8, not of anj’ part of area 0. in co!itra«t 

’In Fpilf of the grralt-t oarc po— rble to lp«c the renuminR nit siirf^re of ilif roriix 
with an adcqiiitc blooil -uj'pfj, there is eOlne slight ileBfnrration .it lln'* horrii r Tlii* 
degeneration m ly aceotmt for the f irf tint the rtpun left behind ilw l^ - I'roi ni to irei J 



Significance 


475 


with the observations of Smith in subhuman primates (cf. Chapter XII). 
Adversive movements were obtained only from the face field. Below this 
region in 6b (area 44 in the present study) Foerster (1931, 1936) reported 
that electrical stimulation produced rhythmic coordinated movements of 
musculature innervated by the Vth. Vllth, IXth, Xth, and Xllth cranial 
nen-es which outlasted the electrical stimulation. 

Phenomena Other Than Movement — Electrical stimulation of the 
human precentral gyrus (Penficld and Boldrey. 1937; Penfield and Erick- 
son, 1941) has produced only one type of “sensation,” the desire to move. 
Relaxation of tonic innervation has only recently been reported (see page 
380). Xo one has described the reciprocal innervation of Sherrington; pos- 
sibly because no one has sought it. In the macaque stimulation of the 
surface of the precentral subsector uith the sine-wave current was followed 
by inhibition of tonic innervation of skeletal muscle, under light ether 
anaesthesia. With the p)Tamids intact a topical inhibition of tonic inner- 
vation was elicited by stimulation of any part of the whole of area 4. With 
the pyramids severed topical inhibition of tonic innervation disappeared, 
but a non-topographical one remained, effective bilaterally.’® Stimulation 
of the anterior division of area 4 (4s) acts strongly to relax standing tone, 
while this and the posterior part of area 6 relax flexor tone (To^er and 
Hines, 1935, and in preparation). 

Development of Excitability of the Precentral 
Gyrus in the Infant Macaque 

The maturation of the precentral gjTus in the infant macaque, when 
read in terms of movement and other phenomena, such as relaxation of 
tone, tonic innervation, and fixation, elicited by electrical stimulation of 
its surface, proceeded in an orderly manner (Hines and Boynton, 1940) 
The non-pyramidal type of movement, holokinesis,” uas obtained before 
birth in fetuses of GCi to 125 days gestation age ; the pyramidal type, idio- 
kinesis,” in those of 135 to 162 days gestation age (fig. 139). The reactive 
points for idiokinesis were situated posteriorly in the three topographical 
regions of this gyrus. Surrounding these points, loci uere found which 

*®The writer was forced to «-e the term inhibitioa m this cj'e, because so far it has been 
impossible to know exactly what t'T>e of inhibition the electric current hid aroii-ed 

"The terms holokinesis .and idiokmesis were U'cd by Hines and Bointon (IWO) to di®- 
tingui'h between two general typos of moxements elicited by stimulation of the precentral 
g.irus of the infant macaque with sine-waxe currents The simple contralateral rnoiements 
which cannot be elicited after surgical dnwon of the p>Tamidi aerc called idiokinetie mo\e- 
nicnts, le, idiokmesis. Moaement*. which were obtained before the pjramidal tract had 
tleieloped, which were either bilateral in scope or without topograpliic.al localization, or 
which suraiied surgical dni'ion of the pxTamid^, were clj"ified as liolokmelic nioipment« 

I holokinesis. 
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yielded holokinesis, and relaxation of tone (chalasis) and sometimes tonic 
innervation of skeletal muscle. After birth, as growth proceeded (fig. 140), 
idiokinetic movements were elicited from more rostrally lying points. On 
the interregional face and arm, and arm and leg borders, holokinesis and 
chalasis gave place to idiokinesis, until at four months of age holokinesis 
and chalasis were easily obtained only from the rostral border of the pre- 
central gyrus. Nevertheless, special manipulation of frequency and in- 
tensity of the stimulating current elicited both holokinesis and chalasis 
from an idiokinetic point. Although the difficulty of elicitation of phe- 
nomena other than idiokinesis increased with age, nevertheless, non- 
pyramidal units could apparently be activated by stimulation of this 
cortical surface. 



Fw ISO— OwtUne dcawitigi of the corl« eercbn of 5 felal nmjqup^ sho\nni: tlm .inn" 
from «hich the sme-«a^c current was able to cJi«t moimcnt* of skeletal njuxle am to 
affect either tone within striated muscle or respiralor>’ nwcincnU The ley to the ii 

Bi\en m fig ItO (from lime-’ and Bo>i»ton, 1910). 
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Before birth, the results of stimulation of the precentral gyrus bore 
little relation to observed activity. No progression was possible for the 
fetus removed by Caesarean section, yet diagonal progression was elicited 
by stimulation. No isolated movements of the digits were observed; yet 
they were obtained by cortical stimulation. After birth, during the first 
two weeks of life, a closer correspondence between observed activity and 
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0 A FTTHAMIDAL TYPE OF MOVEMENT. 
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Fig. 140 — Outline drawings of tbe precentral p\TU> (paracentral lobule al-o indicated) of 
five infant macaques, showing the areas from which the sme-wave current was able to elicit 
movements of skeletal muscle and to affect either respiration or tone within striated muscle. 
The key to the symbols is appended to the figure and is celf-cxpianatorj (from Hines and 
Bojmton, 1940). 
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the elicitation of movement by cortical stimulation was obtained. To be 
sure, isolated movements of the di^ts were elicited, though they were not 
observed in the infant’s use of either his fingers or his toes, but other 
elicited idiokinetic movements followed the animal’s use patterns. Coin- 
nervations of the tail and thigh muscles were elicited, and movements of 
the tail occurred w ith those of the lower extremity. Progression, parts of 
the nursing pattern, and rhythmical movements nere caused by cortical * 
stimulation and u ere seen as a part of the particular animal’s activity. 

From the age of one month to one year, the use patterns and the idio- 
kinetie movements elicited by electrical stimulation of the precentral 
gjTus showed a surprisingly close, although not exact, correspondence with 
the use patterns and the progression patterns as they appeared in the 
infant macaque. Further, there was a relation between manner of use of 
the extremities in progression and in manipulation of an object, and the 
disappearance of resistance to passive movement. For example, protrac- 
tion of the arm and retraction of the leg beyond a 90® angle with the 
trunk, even in progression, was not obser\-ed before five weeks of age, or 
until resistance to passive protraction of the upper extremity (beginning 
after four weeks of age), and to passi\e retraction of the lower (begin- 
ning at three weeks), had markedly decreased. Protraction of the arm and 
retraction of the leg as idiokinetic movements were never obtained by stim- 
ulation of the precentral g>Tus before six weeks of age. Again, resistance 
offered to supination by the tone in the flexor carpi ulnaris and the prona- 
tors began to decrease at four weeks of age, and did not become normal 
until ten weeks. Stimulation of area 4 never elicited isolated supination of 
the forearm until the fifth week. In this case, isolated supination of the 
forearm was caused by electrical stimulation seven weeks before it was ob- 
served to be accomplished by the infant himself. The fact that cortical 
stimulation did not elicit protraction of the arm, retraction of the leg, or 
supination of the forearm until after resistance offered by their respective 
antagonists decreased suggests a correlation of maturation of the noii- 
pjTamidal chalasfic “meehanisni” with that of development of pyramidal 
initiation.”- ” 

Fixation was also obtained earlier by electrical stimulation than it was 
observed iiormall}' in the young monkey; and by the same means muscles, 
which later in development were caused to be fixed, were earlier actively 
contracted both by the electric current and by the animal himself. In many 

'=It 13 interesting: to note ftiat the-e three motements are among those whieli sufTtr 
se\crelv m the adult macaque fub-equent to the rcmo\al of the frcccatral Contra- 

lateral to the ablation re-i-tance h increased to pa^ue retraction of the lip. to fa.-'i'c 
protraction of the arm. and to ^a■^■•ne supination of the forearm, and m bipodd jroprr'.-ion. 
protraction of the upper cTfremitv and retraction of the loner cMrcmitv doc- not occur, and 
I'Olated supination of the forearm ba- neaer been ob-ened 
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instances fixation of muscles proximal to the ones which contracted was 
elicited from cortical points located for the active movement observed. 

Chalasis and tonic innervation were also caused by cortical stimulation. 
They were obtained after section of the pjTaniids. Diagonal progression 
and parts of gallop progression were elicited by stimulation of both area 
6 and area 4, both before and after section of the pyramids ^Moreover, 
these progression patterns and chalasis were obtained from immature 
cortices before the loci stimulated yielded idiokinetic movements. 

Besides these movements, initiation of the nursing pattern and of the 
infantile defecation pattern were also obtained by cortical stimulation 
only during the period in which they were present in the animal's behavior. 
When one pyramid was cut before regression of the nursing pattern had 
taken place, the extremity opposite the lesion continued to use that 
pattern for several weeks after it had disappeared in the homolateral ex- 
tremity. The defecation pattern, however went through its usual develop- 
ment and regression, except that after the pyramid was cut the tail was 
never as greatly dorsiflexed as in the normal infant (Hines, 1942). 

These findings indicate that the contribution of the precentral gyrus 
to the motor activity of the growing monkey cannot be read in terras of 
the maturation of a single corticifugal projection unit. Although the pyram- 
idal unit appears to lower the threshold (i.e . the intensity) for the stimu- 
lating current, to aid in fixation of proximally lying muscles, and to initiate 
both “isolated" and cooperating movements, there are activities which 
can be caused by electrical stimulation of the precentral gjTUS in which 
It takes no part. Certain ty^ies of holokinesis. chalasis. and tonic innerva- 
tion are independent of its activity. When the results of stimulation of 
the precentral gyrus, as well as those of the region lying anterior to it 
(6). are compared with the development of motor activity m the infant 
macaque, a certain integration seems to characterize this region during 
each step in development. The activity which characterizes the young of 
tins species at any viable age is modified during each phase of its develop- 
ment by the activity of this cortical region. 

Conditions of Excitation of Corticifugal Pathways 

It is evident that nervous impulses produced by electrical stimulation 
of the precentral motor cortex are transmitted to motor nuclei of the 
brain stem and spinal coni by two general types of fibers, (1) those fomwi 
within the medullary pj’ramids, and (2) those not found there. The elec- 
tric current may reach those corticifugal sj’stems via a physical spread of 
current through the cortical lamina or by the synaptic relations of inter- 
and intra-regional axones. Suprathreshold stimuli with a minute unipolar 
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electrode or threshold stimuli delivered either by a broad unipolar elec- 
trode or by a bipolar electrode (Hmes and Boynton, 1940) increase the 
number of efferent fibers activated and do not allow the observer to dis- 
tinguish between movements transmitted to the cord via pyramidal and 
extrapyramidal units. 

However, comparison of movements elicited by electrical stimulation 
of the “motor” cortex of the normal animal with those of the pyramidal 
animal demonstrate that some of those which have been observed in the 
normal and considered to be pyramidal were frequently a combination 
of the activity of both units (Tower, 1935, 1936). In the intact macaque 
(infant, Hines and Boynton, 1940; adult, Tower and Hines, 1935; and 
unpublished) the extrapyramidal type of movement, in contrast to the 
pyramidal, cannot be obtained after shock, after interference with cerebral 
circulation, under morphine, or under any anaesthesia except the lightest. 
Non-topical inhibition of tonic innervation (extrapyramidal), on the 
other hand, was not as susceptible to shock or to interference with cerebral 
circulation as were the extrapyramidal types of movement, and could be 
elicited in the pseudo-decerebrate stage (Tower, 1933; Tower and Hines, 
in preparation), The threshold intensity of the sine-wave current used as 
stimulus was occasionally less for the relaxation of tonic innervation than 
for pyramidal movements and always less for pyramidal movements than 
for extrapyramidal movements in the monkey (Tower and Hines). 

Consequently, stimulation of the precentral motor cortex either in 
conscious man or in animals with supraliminal stimuli fulfills some of 
the conditions for evoking extrapyramidal movements. Is it unreasonable 
to consider that some of the movements yielded by the precentral subsector 
in conscious man may reach the motor nuclei of the brain stem and 
spinal cord via extrapyramidal pathways as well as over nerve fibers which 
lie m the pyramids? Moreover, is it not to be anticipated that supra- 
threshold stimulation of the precentral gyrus of any animal would elicit 
a multiplicity of responses, delivered to the segmental nuclei via both the 
pyramidal and extrapyramidal pathways? 

Murphy and Gellhorn (1945) obtained movements of the various joints 
of the extremities and of the muscles of the face in co-extonsive areas and 
found considerable overlap between the leg and arm or the arm and face 
subdivisions. The loci which yielded these movements of the extremities 
resembled the loci from which holokinetic movements were elicited from 
the precentral gyrus of the infant macaque (Hines and Boynton, 1940). 

It is the topical contraction of skeletal muscle, i.e., the solitary response 
of Chang, Ruch, and Ward, the comnervations of flexors and extensors ob- 
served in use patterns, the fractionization of extensor or of flexor sheets, 
and the reciprocal innervation aroused at the cortical level which dis.ap- 



Significance 


481 


pears after the pyramids are surgically severed Thereafter, no one of these 
activities of skeletal muscle can be elicited by stimulation of the cortical 
surface of the precentral subsector Xon-topical contraction of skeletal 
muscle and non-topical changes in tone of skeletal muscle remain. 

RESULTS OF REMOVAL OF THE PRECENTRAL 
MOTOR CORTEX 

The ablations of the precentral motor cortex so far reported for man 
are, with rare exceptions, not confined to a single cytoarchitectonic area. 
It is conceivable that some of area 6 could be removed without injury 
to any part of either area 4 or S Area 4 of the leg region has been taken 
out without e.xtensive injurj’ to contiguous areas, but in the “leg” area 
of man, area 4 is not as clearly divisible into areas Ay, 4a, and 4s as it is in 
the arm area (ef. Chapter II). To expect chance to allow the neurosurgeon 
opportunity to excise only area 4a or 4y m the arm area is to trespass 
upon the ground of probability, and yet Kleist generalized as if lesions 
were confined to the Vogts area 6a, an area part of which included Bonin’s 
4a. Discrete removal of area 4s in man will probably never occur. Never- 
theless, that region might be taken out of the chimpanzee's cortex with 
almost as much ease as in the macaque. 

Area 6 

ICleist (1934), and Foerster (1936b) seem to be the only ones who have 
reported the results of lesions confined to area 6.** Both described difficulty 
in turning head and trunk to the opposite side, and in stopping movement. 
Foerster found that movements of the contralateral extremities were slow 
and that both sequential acts and rapid, alternating movements were 
poorly performed. Neither listed the grasp reflex Apparently, in man the 
medial surface of this region has to be injured for the grasp reflex to appear 
(Schuster, 1927). In the macaque removal of area 6 alone does not change 
the distribution of tone in the muscles, nor modify tendon reflexes; rather 
it is followed by the grasp reflex in the opposite extremities (stronger and 
more enduring in the hand than in the foot). When area 4s, however, is 
added to the lesion (Hines, 1937; 1943) tone is so great at first in both 
extensors and flexors of the second joint that sitting is impossible and, 
later, climbing the mesh of a cage is accomplished slowly and with obvious 
effort. The tendon reflexes are brisk and irradiating, but the resistance to 
passive movement is not clasi>-knife in type. In man, according to Ken- 
nard, Viets, and Fulton (1934), destruction of area 6a (of the Vogts) re- 

".\rea 6 a as utilized by Kleut and Foer-ter and described by the Vogt^ eorre-roncL to 
are.'is 4a. 4s and 6 of thi« monograph (cf. Chapter II and the frontispiece). 
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suits in spasticity. As noted previously,’* however, the Vogts area 6a 
includes area 4s. Kleist (1934) reported that apraxia of movement, with 
subsequent “restitution,” followed lesions of the Vogts area 6aa (our 
area 4a). 

The Precentral Gyrus 

Hughlings Jackson’s concept of dual loss as the result of lesions of the 
central nervous system is peculiarly applicable to the sequelae of injury 
to the precentral gyrus. The functions lost are the discrete movements of 
the extremities opposite the lesion; the functions released are hypertonus 
and clonus, the briskness and irradiating quality of the tendon reflexes, the 
exaggerated character of the tonic reflexes of muscular and labyrmthian 
origin, associated movements, and the positive Babinski. Besides these, two 
other changes in muscle frequently occur, atrophy and contracture. 

The Function Lost — In the normal individual, the muscles used to 
achieve a desired objective have been classed by Beevor (1903) as prime 
movers, synergic muscles, fixers, and antagonists. For example, simultane- 
ous flexion of all the fingers is accompanied by extension of the wrist. The 
cooperating muscles (Beevor’s synergic muscles) are the extensors of the 
wrist. If the subject attempts to increase the flexion of the fingers not only 
does the wrist become more extended but the extensors of the fingers also 
can be felt to contract, and palpation of the proximal muscles of the arm 
will demonstrate that they have become firm and taut. The fixation of the 
more proximally lying muscles has in the meantime increased. Further, 
if the flexion of the fingers is very great the extensors of the neck and the 
adductors of the scapula will also become firm. Any one particular act con- 
tains similar parts; that is, discrete or isolated movement of distal muscu- 
lature when used in the performance of skilled acts is accompanied by a 
cooperating movement of more proximal muscles, a fixation or holding 
contraction at the girdle with fixation or cooperating movements at the 
middle joint, together with an easily modified holding contraction of the 
muscles which act as antagonists to the prime movers. Simple as this pic- 
ture appears to be, the descriptions of the results of partial or complete 
ablations of the precentral gyrus are not written m such a manner that tlio 
reader can analy 2 e adequately the loss suffered by the various muscles 
used in skilled performance. 

Hughlings Jackson observed that subsequent to injury to his “middle 
level” the innervation of the affected extremity flowed down the limb, that 
IS, the initiation of movement took place in the proximal muscles. And 
that IS also true for the monkey which has suffered a comparable lesion, as 
well as for the normal infant monkey 1942). 



Significance 


483 


The increase in frequency of ablation of the whole or part of the pre- 
central gyrus and its annectent convolutions for the purpose of halting 
either convulsive seizures or abnormal uncontrolled movements should 
give sufficient data for the adequate analysis of the motor loss which 
always follows. None of the recent reports give an adequate picture of the 
manner in which the patient uses the muscles to perform a given act. Pen- 
field and Erickson (1941) report that if the hand area is completely re- 
moved, “the hand becomes completely paralyzed for any skilled movement 
^^hateve^.'’ And yet a similar but more radical operation (>\hole arm area) 
performed by Horsley (1909) left the individual with the ability to toss 
a tennis ball into the air in a sufficiently accurate manner for him to be 
able to play the game (see Head, 1920, p. 626). Again (Penfield and Erick- 
son), “if the removal is small, the delicate movements of the fingers and 
thumb disappear although movement of all the digits together as in flexion 
or extension and movement of wrist, elbow, and shoulder may be produced.” 
Foerster (1936c) described a similar isolated lesion as resulting in similar 
circumscribed loss of control of skeletal muscle, but with systematic train- 
ing the boy, from whom the hand-finger area had been excised, learned 
“to oppose the thumb in a perfectly correct way.” Tliis movement however 
was nluays accompanied by a similar movement of the opposite normal 
thumb. Buttoning and writing with his right (affected) hand was accom- 
panied by homologous movements of his loft or normal hand. But most 
remarkable was the report of the man, who at autopsj' showed a complete 
degeneration of the left pyramidal tract in the medulla, who before train- 
ing could perform only the stereotyped extrapyramidal synergies of the 
arm, and uho learned to hold a pencil correctly and to urite. Buoy's Case 1 
(p. 35S). from whom the uppermost part of the precentral gj’rus and the 
paracentral lobule were removeil, was able to skate, hike, and dance before 
the first post-operative year had passe<l. Apparently topical localization 
IS so discrete that paralysis of the shoulder, upper arm, and forearm can 
exist without any implication of the muscles of the hand or fingers 
(Foerster, 1936c). And 5 ’et there is no analj'sis of the movements which 
remain after injury to the precentral gyrus which takes into consideration 
the whole series of complex activitj’ of the muscles involved in the per- 
formance of discrete movements m normal man. We do not know whether 
Bucy’s patient was able to cut inner and outer circles with the right leg. 
nor do we know whether fixation of the proximal muscles (which were 
reported paralj'zed) accompanied the use of the uninvolved muscles of 
the hand and fi^ngers of Foerster’s patient. 

Judging by Marinesco’s description (1903) of the method by which his 
patient picked up and held an object a year after remo\ al of the precentral 
gyrus, fixation of proximal muscles and the cooperating extension of the 
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wrist and partial pronation of the forearm had disappeared. Initially the 
sequence of muscular contraction used by Foerster's patients must have re- 
sembled that of Marinesco's, for they were unable to isolate either the 
flexor or extensor synergies. What would be interesting to know is what 
happened in the proximal muscles after these patients had learned to 
write. How did the loss of a part of the precentral gyrus affect the whole 
act? Was loss of fixation associated only with loss of upper arm and pec- 
toral girdle representation? How normal was fixation of these muscles 
after the cortical representation of hand and fingers was removed; was 
the effect of such a lesion confined to cooperating muscles and prime 
movers?'^ 

Certain varieties of skilled movements, especially those used in play- 
ing games or those of the cooperating extremity in the performance of 
skilled movements by the active extremity, are initiated proximally in the 
girdles or in the muscles attached to the girdles In the sense o! Foerster 
they resemble in pattern extrapyramidal movements of extension or of 
flexion, with the important difference that they are not stereotyped. This 
ability to utilize parts of the stereotyped proximally initiated movement 
]s also lost with the loss of the precentral gyrus. 

In the clinical condition of spastic paralysis, maximal paralysis is dif- 
ferential in its distribution. That a part of this differential distribution 
depends upon the differential distribution of hypertonus was shown by 
Foerster’s (1936b) combination of partial resection of nerves and lengthen- 
ing or transplantation of tendons. These operations enabled patients to 
elevate, protract, and abduct the upper arm, extend the elbow, and su- 
pinate the forearm, or to abduct the thigh, dorsoflex the foot, and flex the 
knee But the paralysis of the retractors of the thigh remained. The dif- 
ficulty in extension of the fingers may in part be due to the contracture 
of the flexors of these digits, for in removals of the arm area alone, the 
fingers can be flexed and extended in unison. 

Contracture cannot, however, account for the total picture of the <lif- 
fereutial loss described for this condition. In the monkey, the differential 
impairment of movement of skeletal muscles subsequent to removal of 

“Thc'O questions niiglit bo ansnered in lai^ pnrt if studies Mnul.ir to flio^o of Hceioi 
(1903) wore made upon humans from which subditistoni of llie picccntral Kvnis had been 
remo\ ed Boeior studied a c.i«e of hemiplegia in which "tliC leliirn of power" had commenced 
in the hand The piticnt had "no power" to extend the wri't or to flex or to extend the 
elbow, and jet when rcque«lcd to prasp with full streneth the flexors of nil the finficre con- 
tracted (prime moxers m Deexor’s ferminolog}'), then the cxteiHora of the wrnt (sjnergic 
rau-clea). followed by fixalion of the tnceps imi-cle, when the flexion of the fingers hid 
reached a certain strength 

On the contnry, Ilenns (180S) coneludcd that both the cooporatnc tnovcnienls he 
studied (flexion of fingers and exlen-ion of wri«t; exten-Mon of fingers and flexion of wri-t) 
were injwed in hcmiplcgu, but that the power of hind cJosurt although Jess than normal 
remained proportionately greiter than tint of oiieiiing of the hind 
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area 4 (Hines, 1943), in which contracture was found, was strikingly 
similar to that which followed surgical division of one pyramid (Tower. 
1940). In both, initiation of movement in the protractors, elevators, and 
adductors of the upper arm and in the retractors, external rotators, 
and adductors of the thigh was just as impossible as that of selective flex- 
ion, extension, abduction, or adduction of the digits. Is’^either isolated supi- 
nation nor pronation of the forearm nor ulnar or radial flexion of the wrist 
were observed. Similarly at the ankle no discrete contractions of the dorso- 
flexors or everfors were seen. The remaining extrapyramidal projection 
systems did allow, on the other hand, some apparently discrete retraction 
and abduction of the upper arm and some protraction and abduction of the 
thigh. In both conditions, cooperative movements were slowly and incom- 
pletely performed; their threshold was raised, but their basic pattern re- 
mained unaltered.'* Only when the areas for the extremities were removed 
bilaterally was this basic pattern altered. The use of skeletal muscle by such 
an adult monkej’ resemble<l in detail that described for Marinesco’s patient. 

It IS common experience of both the e.xperimental neurologist (cf. Ken- 
nard, Chapter IX) and the neurosurgeon that loss of the peculiar selective 
control of movements just described which follows well circumscribed 
lesions of cortical loci in which a part of an extremity is represented is 
never as debilitating to the part as loss of a larger area which includes the 
representation of more of the extremity. This condition may be due in part 
to loss of fixation in more proximal muscles Again, the loss of control of 
musculature of one extremity ^is never as severe in unilateral lesions of the 
representation of that extremity in the precentral g>’rus (foot area, Fulton 
and Keller, 1932) as it becomes when the lesion is bilateral. Here the inci- 
dence of loss affecting distal musculature is little modified; rather the 
degree of loss is increased in the proximal muscles, not the selection of 
muscles. Although Peufield and Erickson did not detect any change in the 
control of trunk and neck musculature after unilateral removal in man, 
nevertheless, Beevor's (1909) analj’sis of movements of the trunk in a case 
of left-sided hemiplegia showed that the muscles of the right trunk were 
paralyzed or weak when they acted in right-sided movements, while those 
of the left trunk acted normally in right-sided movements. When the tno 
sides acted together the power was equal, but the muscles on the left con- 
tracted later. In the monkey, after bilateral removal of the leg and arm 
divisions of area 4, the axial extensors never again hold the trunk erect. 

’’This analysis of tho Io«s suffered bj- the monkey snb-eqncnt to fhe«e two lesions is the 
result of three tjpo' of obsenattons namely, that of the u-e of muscles m self-mitiated acf«, 
1hvt of their Use in attempts to obt.im de-irable objects, offered bv the examiner, and that of 
their U'C in the stepping, hopping, and placing act- The monkey is not therefore as ideil an 
iinininl for such anab-sis as man nould be. 
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The Functions Released — ^The functions released can in part be classi- 
fied as sequelae to interruption of the corticifugal pathways of the frontal 
lobe at certain levels of the central nervous system. Excision of the whole 
of area 4 in the monkey, or subdivisions of area 4 alone in man (Walshe, 
1935; Sachs, 1935) or interruption of descending pathways (1) at the level 
of the pons in the monkey (Tower, 1940), and (2) ivithin the lateral 
funiculus of the spinal cord in man (partial Brown-Sequard syndrome) 
and in the monkey, are followed by hypertonus, clonus, brisk and irradi- 
ating tendon reflexes, and associated movements. When interrupted above 
the level of the vestibular nerve, exaggerated tonic reflexes may be added. 
Given time, contractures of certain muscles appear, and in many cases 
atrophy also. If, however, the lesion in the monkey (Wagley, 1945) is 
confined to the ventral division of the lateral funiculus, hypertonus, brisk, 
irradiating reflexes, and tremor follow and if to the ventral funiculus, only 
clonus and brisk tendon reflexes Associated movements were not observed. 
If the animal is man or the chimpanzee, the Babinski reflex will be posi- 
tive. On the other hand were the interruption of corticifugal pathways 
confined to the ventral division of the lateral funiculus, hypertonus, brisk, 
— see Tower’s report of Hausnian’s case, Chapter VI), only two of these 
released functions would appear, associated movements and the sign of 
Babinski; in the macaque, associated movements only. In both atrophy 
18 observed. It would seem, then, that associated movements are the expres- 
sion of activity of the descending pathways w'hich do not pass to the spinal 
cord within the pyramids. 

Hypertonus and Associated Release Phenomena — In the monkey the 
results of excision of the anterior border of area 4 differ from those of 
removal of the posterior part of area 4; for wdth the former ablation the 
functions released w’ere dominant, and with the latter, those of loss. Sub- 
sequent to the removal of the anterior bortler of area 4 (4s) the permanent 
residual paralysis was confined to the inability to initiate adduction of the 
thigh and abduction of the toes; and of the posterior border of area 4 (4y), 
to the twabUlty to initiate ictra^ition aud adduction of the thigh, and to 
grade the flexion or extension of the digits or to abrluct or to adduct them, 
as separate movements. After the 4s ablation a differential muscular hy- 
pertoiius was present from the first day; after the 4y ablation tone wa" 
decreased in all muscles opposite the lesion for months. When area 4s was 
removed, the tone in the contralateral extremities was maximal in tlie 
flexors of the elbow, the ventral and ulnar flexors of the wrist, the retrac- 
tors of the upper arm. the extensors of the knee, the \entriflcxor.s and in- 
\ertors of the foot, and the protraetors and adductors of the thigh. The 
“clasp-knife” quality of hypertouus was demonsfrafed a-! resistance to 
passive stretching of the quadriceps femoris or of the biceps brachii during 
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the middle 30 to 40 degrees of respective flexion or extension. All tendon re- 
flexes examined (10) in the limbs opposite the lesion were brisk. Irradia- 
tion to more proxiraally lying muscles accompanied action of the flexors of 
the ankle, toes, and fingers. The extensors of the knee recruited the con- 
tralateral adductors of the thigh. Clonus was elicited by sudden stretch, 
or was observed to accompany sudden, quick movements initiated by the 
animal. In contrast to this picture in the macaque from which 4'/ only had 
been removed, all tendon reflexes, except that of the contralateral quadri- 
ceps femoris, were not brisk, and did not irradiate. No method of stimulus 
which was tried produced clonus, and none was seen in the monkey’s self- 
initiated movements. The combined ablation of these two areas (4s and 4y) 
produced the paralysis which was described as following the ablation of 
4.y, and all the phenomena of release which characterized the removal 
of 4s. The appearance of the phenomena of release, however, was frequently 
delayed for a few days. It is obvious that the results of removal of the 
posterior division of area 4 were similar to the reports of Fulton (1934a) 
as that of the whole of area 4. 

On. the other hand if Brodmami’s area C was removed (Richter and 
Hines, 1934) no sign of paralysis was visible, nor was any change in quan- 
tity or distribution of tone observerl. The tendon reflexes were neither 
brisk nor quick and they did not irradiate. No clonus was initiated by 
sudden and maintained stretch. Rather this operation produced a well-de- 
veloped grasp reflex in the hand (transient in the foot) of the contra- 
lateral extremity — a response initiated by pressure upon the interdigital 
pads and maintained by stretch upon the flexors. It is patent that the 
results of this operation in the monkey do not simulate those reported sub- 
sequent to lesions confined to the homologous area in man’s cortex (6a/S. 
'\'^ogts; 6, Bonin; see Aring. Chapter X\T). 

Rather, the results of this lesion in man resemble more closely those of 
the cwmbiwed lesion of areas 6 awd ds i\\ the macaque. For in the macaque 
the outstanding sequela was a hypertonus which had the quality and dis- 
tribution of area 4 lesions distal to the second joints of the extremities; 
but proximal to that joint the hypertonus was distributed in both the 
flexors and extensors alike. At these joints the resistance to passive move- 
ment was steady and similar throughout the excursion. The positive sup- 
porting reaction remained markedly e.xa^era ted contralateral to this lesion 
for years. And the difficulty in making alternate movements slowed all 
movement. 

Therefore, only one of the phenomena of release which follow excision 
of the precentral gyrus of primates appears invariably after cutting the 
tortieifugal systems which pass througli the medullary pyramids— a'^soci- 
atecl movements (and the positive Babiuski, in the chimpanzee). And 



488 


The Precentral Motor Cortex 


since it is possible in the monkey to produce three of these phenomena 
with minimal paralysis by the removal of 4s, is it not justified to consider 
that the hypertonic group of sequelae are released by the removal of 
descending pathways which do not pass through the medullary pyramids? 
Indeed, a cortico-bulbo-reticular pathway from 4s (macaque) has been 
identified (McCulloch, Graf, and Magoun, 1946) as occupying a “suppres- 
sor” region in the medial reticular formation at the level of the pons 
(Ward, 1947) ; and Wagley (1945) has reported that interruption of path- 
ways in the ventral division of the lateral funiculus or in the ventral 
funiculus without injury to the corticospinal tracts was followed by some 
of the phenomena of release. 

• Atrophy — In this monograph Davison (Chapter VII) has reported 
that he found no atrophy of skeletal muscle to follow lesions anterior to the 
central fissure, while on the contrary Bucy (Chapter XIV) has. Tower de- 
scribed atrophy of skeletal muscle contralateral to pyramidal lesion in both 
the macaque (1940) and the chimpanzee (Chapter VI) and quotes Haus- 
man as finding it in his case of suspected pyramidal lesion in man. In this 
type of lesion the greater wasting characterized the distal musculature of 
the extremities; whereas, interruption of the extrapyramidal pathways in 
the spinal cord (macaque) was followed by a greater wasting of the proxi- 
mal muscles of the ipsilateral extremity below the lesion (Wagley, 1945). 
Lippitt (see Hines, 1943) found a differential distribution of the atrophy 
in the muscles not only of the extremities but also of the trunk contra- 
lateral to an area 4 removal of a year’s duration in the macaque. Dejcrine 
(1900, p 597) recorded the finding of muscular atrophy in hemiplegia 
without changes in the ventral horn cells and when rheumatism was not 
present. Oppenheim (1923, vol. 2, p. 1054) seemed loath to admit that 
muscular atrophy could be found in some cases of uncomplicated hemi- 
plegia. And Gowers (1893, p. 518) reported a wasting of muscles in similar 
conditions without spread of a destructive process to the motor nerve cells 
of the spinal cord, but considered this w^asting as due to an irritation in the 
descending degeneration in the pyranudal tracts. Subsequent to removal oC 
the precentral gyrus Mariiiesco (1903) listed as atrophic the deltoid, pec- 
toralis major, flexors and extensors of the fingers, adductor of the thumb, 
retractors of the thigh, and flexors of the knee. Certainly in the writer’s 
experience wasting characterizes the skeletal muscles contralateral to ex- 
cision of all of area 4 of the macaque, or even of its posterior half (4y). 

Contracture — Contracture or shortening of skeletal muscle was found 
contralateral to lesions of the precentral gyrus in primates. All muscles 
opposite the lesion were not shortened, and all contracturecl muscles were 
not equally affected. In the clinical literature generalizations such as “the 
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muscles least paralysed become contractured” or “the muscles showing the 
greatest tonicity are shortened" attempt to explain the distribution of this 
condition. So far no one has attempted in man to discover whether all 
muscles which cooperate to perform a given movement show a similar per- 
centage of shortening. 

Since contracture does not follow upon surgical division of the pyramids 
in the monkey (e.xcept in infancy. Tower, Chapter ^''I) or chimpanzee 
(nor in Hausman’s case), then the corticifugal systems, the loss of which 
is followed by contracture, do not pass through the pjTamids. They are 
extrapyramidal. ^Moreover, contracture succeeds the superposition of an 
area 4 lesion upon a division of the pjTaniids. So far in man the writer has 
found but one account of contracture following a partial lesion of the pre- 
central gj’rus, that of the flexors of the fingers m Horsley's ablation of the 
arm area. Such circumscribed lesions offer an opportunity to study the 
differential in distribution of this condition. 

FUNCTION OF THE PRECENTRAL GYRUS AFTER 
LOSS OF OTHER PARTS OF THE CENTRAL 
NERVOUS SYSTEM 

The method of reading the contribution of function of the precentral motor 
cortex in terms of the changes which result from its loss is given pause by 
the consideration of the inability of that cortex to control the sequence 
and degree of contraction of skeletal muscle without the active participa- 
tion of the cerebellum (Bailey, Chapter X) and the group of nuclei in the 
basal plate of the brain stem. 

To Bucy (see Chapter X\'') the interruption in the circle of neurons 
which eventually discharge from the ventrolateral nucleus of the thalamus 
into the precentral subsector is succeeded by in\oluntar 3 ’ movements. For 
Benda and Cobb (1942) the neurons whose interruption is followed by 
tremor of the Parkinson type are the internuncial paths between the cortex 
and the spinal cord. The synchronization of the action potentials recorded 
for self-initiated contraction of skeletal muscle of the extremities in tremor 
(Hoefer and Putnam. 1940) would seem in Bucy's view to be summed at 
the cortical level and in that of Benda and Cobb at the spinal cord level. 
It is a question whether or not the discharge of nerve impulses by the 
corticifugal pathways reaching the ventral horn cells are in themselves 
similar to the discharge which characterizes the normal individual. Cer- 
tainly. the corticifugal pathways cannot be reached for direct test, for only 
the discharges within the muscles themseh'es have been recorded. Never- 
theless. Hoefer and Putnam (1940) found that the electrical rhythm of the 
motor cortex in individuals suffering from tremor resembled the normal. 
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Whatever the location of synthesis which results in the normal asynchro- 
nous discharge, the removal of that part of the precentral gyrus in which 
the extremity showing the involuntary movements is represented is suc- 
ceeded by a loss of the objectionable movements. 

Certainly these findings should emphasize anew the interdependence 
of the central nervous system when read in the use of muscle. 


DISCUSSION 

The precentral motor cortex, bounded posteriorly by the fissura cen- 
tralis, dorsally by the sulcus cinguli, anteriorly by the anterior boundary 
of area 6, and ventrally by the great lateral fissure, is distinguished in man 
by five cytoarchitectonically distinct areas. Although not separated by 
clean-cut boundaries, these regions make their own particular contributions 
to the control of muscle. 

The foregoing descriptions have demonstrated that the cytoarchitcc- 
tural differentiation of the precentral motor cortex can be related in part to 
the type of loss which succeeds the ablation of its discrete parts. Removals 
of areas 6, 48, and 4v in the monkey were found to be followed by losses 
which uere as characteristic as the cellular arrangements which character- 
ized the parts. Area 4s in the chimpanzee was found to behave in a manner 
similar to the homologous region in the macaque, for strychnine applied 
to Its surface suppressed activity as recorded by the oscillograph in other 
parts of the cortical surface (McCulloch, Chapter VIII). In man removal 
of the subdivision of area 4r, for the lower extremity, without involving 
area 6, was followed by spastic paralysis. However, it should be noted that 
in man the "leg” area is not divided into area 4?, 4a, and 4s as distinctly 
as IS the “arm” area, and that m some parts of the "leg” area, area 4a is 
absent and area 4^ overlaps area 4s (see Chapter II). But in the subdi- 
vision for the upper extremity within the precentral gyrus of man, a phylo- 
genetically new architectonic field w’as found, 4a (FA, von Ecoiiomo and 
Koskinas). Kleist described, as a result of loss of this region (known to him 
as 6aa), a condition of "apraxia of movement and rest.” Although tliis 
region is always removed in ablations of the arm area, no description of 
.sequelae to this operation has materially differed from those which follow 
icmoval of area 4 in the macaque.’* 

Although no radical difference was found to exist in the cellular archi- 
tecture of area G among the primates Bonin studied, nevertheless tiie 

>1atpmr-n1 nuv not bo tnif, tlw* kvmU-* of tcMon* in ii\«n liuo not liern 
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lesuUs of excision appear to be more debilitating in man than in the other 
primates. No topographical localization has been found, but in the monkey 
inhibition of the grasp -n as more effective from its anterior division, and 
that of tonic flexion from its posterior. 

Strict somatotopical localization appears to be abrogated by the re* 
suits of electrical stimulation of the precentral gyrus of man as given 
by Penfield and Boldrey (1937) and to be restored in large part by the 
latest analysis from PenBeld’s clinic (Rasmussen and Penfield. 1947). 
Nevertheless, the sequelae of removal of small parts of this gyrus as re- 
ported by Penfield and Erickson (1941) prove that topical localization 
must be present. For laboratorj' primates no such discrepancy exists. With 
care and luck the impairment of self-initiated movements which results 
from ablation of an electrically determined part is confined to that part. 

Recent results of stimulation of the precentral gyrus in primates fall 
naturally into four groups, contraction of single muscles or parts of muscles, 
the elicitation of parts of progression patterns, the innervation of either ex- 
tensor or fle.xor sheets of muscles, and the elicitation of use patterns. Re- 
moval of this region is followed by the loss of innervation of single groups 
of muscles, certain use patterns no longer appear, and the utilization of 
parts of progressive movements and that of parts of extrapyraniidal pat- 
terns of extension and flexion is lost. On the other hand the differential 
loss of isolated movements was found both distally and proximally. and 
did not correspond directly with the size of the cortical area nhich yielded 
these movements. “Isolated" retraction of the thigh and “isolated" ad- 
duction of the thumb suffered equally The larger area of cortical repre- 
sentation seemed to be associated nith the frequency of movement pecul- 
iar to the animal rather than with the severity of paralysis occasioned by 
ablation. Thus, although extension of the knee was reported as resulting 
from more points on the precentral gjTus of man than flexion of that joint 
tFoerster. 1936b). the flexors of the knee ha%e been reported as taking 
the greater loss. Corticalization of movement, in the strict sense then, 
cannot be read alone in the differential distribution of paralysis. 

In view of the findings of W'oolsey and of Chang. Ruch, and Ward that 
the contraction of the muscles of the extremities, elicited by stimulation 
of the precentral gjTUs with the electric current, can be projected upon the 
“arm” and "leg” areas in a definite pattern, is it not legitimate to recon- 
sider Hughlings Jackson saying that “neivous centers know nothing of 
muscles, they only know of movements.” and Sherrington’s conclusion 
that movements, not muscles, are represented in the “motor” cortex? 
Movements are the result of contraction of muscle, either as isolated 
organs or as functional units. Since it is possible to elicit contraction of 
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single muscles by electrical stimulation of the “motor” cortex with certain 
types of current, there must be a nervous pathway which carries the im- 
pulse from the cortex to a motor nucleus within the brain stem or spinal 
cord. May we not consider that ability to select the prime movers depends 
upon a mosaic of cortical cells of origin of corticifugal systems within the 
precentral gyrus, and that the axons of these cells have direct anatomical 
relation to motor nuclei of the loner neural axis? For example, it is possible 
by electrical stimulation of a point on the macaque’s precentral gyrus to 
produce extension of the thumb, a contraction of the extensor pollicis 
longus (there is no extensor polbcis brevis in the macaque) . If the monkey 
resembles man, he does not m hfe extend the thumb without action of 
other muscles, for Beevor (1903) has observed that the human does not 
extend the thumb without action of the extensor and flexor carpi ulnaris 
On the other hand, man and monkey are able to ulnar flex the wrist, using 
the extensor and flexor carpi ulnaris as prime movers. The ability to select 
a single muscle as a prime mover is limited, however, to joints which are 
moved by contractions of single muscles And there are few of them! If the 
idea of representation of muscles (see Fulton, 1038) is too strong a meat 
to be assimilated within the body of our thought, let us acknowledge that 
movements as contraction of single muscles can bo demonstrated by elec- 
trical stimulation of the surface of the precentral gyrus.*^’ ’* 

"Let the reader make no mi-take about tliw conclusion There is .i difTcrence between tlie 
di'crete topographical projection of striated niiuctilatuic upon the precrntinl g>rui of pri- 
mates, as determined by elicitation of contraction of muscles and the ability ol the int let 
animal to utilize his muscles in the peiforniaocc of movements. This dilTercncc la par- 
ticularly evident when the maturation of excitability of this region in the macntiiie (Ilinea 
and Bojnton, 1910) is compared with the development of so-cillcd dt'Crete uve of nui'Cii- 
laturc m the infant of this species (Hinc«, 1942) 

" fAs nnieli has been made of this question of the representation of n>u«cles or iiiov enicntH 
in the motor cortex, the editor would like not onl 5 ’ to agree fully with the .ibove di-eti'-ion 
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neuiomueciihr mechanism produces movements which are the result of the coordmited 
activity of varjing combinations of mu-cles, and u. not commonh cajublc of producing ton- 
tiactions of a single muscle or part of a mu-cle, thvt docs not exclude the iJO"ibi)itv tint 
mdivuluil muaclc.s and ev cn parts of .a mu«cle arc repre-ented in some one p irt of th it ncur.il 
mcchini-m The spinil cord is a pirt of that intact neuromuscular mechanism No one woulil 
denv tint single muscles or parts of a muscle are represented fhcie, even fhougli tint spinil 
cord in the intact anunal is not able to produce isolated contractions of tliosp smill nuiscul ir 
units The same applies to the precentral g>rus As Dr Hines Ms noted, nil existing ciidcnce 
obtained both b> excitation and destruction indicates thit isolated nni-cles, even juirts of a 
mu'i-le, ate represented in ave.v 47 of the precentral It is likclv thit the muscular iinils 

inncn.ited by .i single cell there are Iirgcr than the mu-cular units umeriafed bv .1 single 
antcrior-horn cell In the light of modern knowledge, there is no rei-on for diiiving llm 
representation of single mu-cles in tlie iwecentral p>Twa 'f one « conc'rned with the winner 
and mechanism of the corficil rontro] of movement If one m comernrcl only willi the 
acfiv ity of the intact animal, and not with how tint activitv is arluev nl. it iii n hi d< fi nsihle 
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From all the data in hand, removal of the precentral gyrus is succeeded 
by loss of ability to select the desired prime mover or prime movers. But 
this loss does not affect all muscle groups alike. In stepping forward 
(bipedal, monkey) the protractors of the thigh are capable of leading off; 
in stepping backward, the retractors do not palpably contract. After small 
discrete removals of the hand-finger area, the flexors or the extensors of 
single digits cannot become prime movers without years of training, and 
yet as a whole they are capable of that activity. This loss of ability to 
choose the prime mover is differential, selecting some muscles or groups of 
muscles for complete loss, others for a partial loss, and still others for a 
loss apparently only in the degree of their power of contraction. 

Besides this selective control of movement exercised by the contra- 
lateral precentral gyrus, determined by loss sustained by its removal, there 
seem to be two other losses both of which seem to be non-topical. The 
greater the loss of this cortical area, the greater the difiiculty of controlling 
the movements which survive This effect appears to be exercised both con- 
tralaterally and bilaterally. The other is the reciprocal of the first — a small 
remnant of area 4 (in the macaque) left behind after removal of the rest 
of the representation of all four extremities seems capable of bestowing a 
greater ease in innervation on all musculature opposite to the remnant, 
whatever type of body representation may be contained therein. (The face 
area is excluded from this generalization.) 

Foerster (1936b) allocated ipsilateral innervation which he obtained 
bj' stimulation of the precentral gyrus to the ipsilateral corticospinal fibers. 
Penfield and Erickson offer no explanation because they were never able to 
cause ipsilateral movements of the extremities by stimulation of this 
region of the human cortex. In the macaque, Tower and Hines (unpub- 
lished) have observed that ipsilateral contractions of muscles of the ex- 
tremities elicited by stimulation of this cortical area survived section of the 
ipsilateral pyramid. Nevertheless, an ipsilateral tract having its origin in 
area 4 and passing through the pyramids is present in the lateral funiculus 
of the macaque. Degenerated myelin can be followed in Marchi prepara- 
tions into the gray matter of the same side, passing toward the dorsal horn, 
into the intermediate area, and lying among the cells of the ventral horn. 
Further, in similar preparations made in the writer's laboratory of a 
gorilla's cord, subsequent to removal of the leg area by Dr. J. F. Fulton, 
small amounts of degenerated myelin were observed to be present in 
homologous regions not only of the lumbar and sacral levels of both sides 
but also in those of the cervical cord and thoracic regions chosen. For the 
time being, may not the possibility be considered that the ipsilateral fibers 
of the corticospinal tract might possibly partake in the innervation of the 
cooperating extremity; and the contralateral fibers entering the cervical 
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and thoracic levels as either facilitating movement or fixation? Such a 
consideration would not conflict with tlie fact that the electric current ap- 
plied at the cortical level has not revealed their activity as the initiation 
of movement. 

Moreover, the ablation of the precentral gyrus is also followed by dif- 
ferential incidence of other phenomena. There is a selective distribution 
of hypertonus, one of contracture, and another of atrophy. Of these, 
only the atrophy followed surgical divisions of the pyramids. Moreover, 
since wasting of skeletal muscle also was found subsequent to interruption 
of the ventral division of the lateral funiculus in the spinal cord, atrophy 
may be allocated not only to the loss of corticifugal systems which pass 
through the pyramids but also to that of extrapyramidal systems as well. 
On the other hand, the degree and distribution of contracture followed 
cortical loss of extrapyramidal systems, in the presence of severe pyramidal 
defect in the monkey, and therefore related in part only to the degree and 
distribution of hypertonus. For not all hypertonic muscles are contractured 
and not all contractured muscles are hypertonic. 'Nor does the distribution 
of “the least paralyzed” muscles coincide with that of contracture. In other 
words, at the present time there is no common denominator for the selective 
incidence of atrophy, hypertonus, and contracture. 

The assay of the phenomena of release associated with the hypertonus 
which succeeds lesion of the precentral gyrus depends upon the reaction 
of skeletal muscle to stretch. Consequently clonus and brisk tendon reflexes 
should also be characteristic of those muscles which show the “clasp-knife” 
type of resistance to passive movement. In the writer’s experience all 1^- 
pertonie muscles show brisk tendon reflexes, but brisk tendon reflexes are 
not confined to muscles which are hypertonic. And all brisk tendon re- 
flexes do not irradiate. Clonus also has its owm selective distribution. 
Furthermore, the resistance to passive movement which characterized the 
monkey's flexors of the elbow in the sitting posture shifted to the exten- 
sors of that joint when made to support the weight of the body on the 
upper extremity, resembling a condition in certain hemiplegics which 
Brain (1927) has called the quadripedal extensor reflex. This shift from the 
upright to the prone posture in the monkey did not affect the hypertomis 
of the wrist flexors, any more than it did that of the ankle flexors (i.o., 
plantar flexors). 

During the spastic state of development in the infant macaque (Hines, 
1942) the regression of hypertonus, of brisk tendon reflexes, and of their 
irradiation did not occur at the same rate nor at the same time even in 
muscles in which they had been simultaneously observed. Clonus was never 
obtained as a response to the usual stimuli. 
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Although it is difficult to believe that the results of these several 
methods of assaying the response of skeletal muscle to stretch reveal the 
presence of separate corticifugal pathways for each of them. Wagley's 
analysis of spasticity produced by lesions of the spinal cord (macaque) 
suggests that there may be more than one. Certainly, the degree of hyper- 
tonus increases when more extrapj-ramidal pathways are interrupted at the 
cortical level, and its quality and distribution have been shown to be 
affected by the removal of cytoarchitectoiiically discrete cortical areas. 

The whole area frontalis agramilaris in the macaque presents a double 
organization of e.vtrapyramidal activity. Its anterior division has assumed 
the activation of the least stereotyped e\trap>Tamidal action and a control 
of tone, unassoeiated with the pjTamidal s>'stem. Electrical stimulation of 
area 6 produces coraple.v reaching and grasping acts and inhibits tonic 
fle.vion and releases the grasp: whereas, that of the anterior border of 4 
(4? plus) and annectent 6 protluces diagonal movements used in progres- 
sion and inhibits standing tone. When the pyramids are divided electrical 
stimulation of the posterior division of the area frontalis agranularis is able 
to produce complex movements of all four extremities as well as release 
of their tonic extension. Both the motor and inhibitory action which char- 
acterizes the extrapjTamidal sj'stenis which stem from the whole pre- 
central subsector of the macaque’s corte.\ cerebri is non-topical. 

In man evidence for similar activity of extrapyramidal systems is in- 
complete Although Foerster is tlie only neurosurgeon who has elicited 
e.xtrapyranudal movements by stunulation of area 6, the results of lesion 
in this region suggest that inhibitory action against tone is present. That 
the anterior border of area 4 may have a function similar to that described 
for the macaque is suggested by <lecrease in resistance to passive movement 
elicited from the homologous region of the human cortex (Bucy and 
Carol. 1944). The functional contribution to the control of movement 
made by the extrapyramidal sj-stems which stem exclusively from area 4 
in ruau has yet to be analyzed. The comparison of results of the suspected 
lesion to the pyramids in man (Tower. Chapter VI) with those of the 
other primates studied indicates that m the human, as well as in the ape 
and monkey, the remaining corticifugal systems display mass organization 
only. The extrapyramidal motor and mhibitoiy systems which surwive fail 
to confer upon the pjTamidal preparation ease of initiation of movement, 
facilitation, adjustability, and modification during the progress of its 
execution. longer is such an individual primate capable of the finer 
varieties of usage of skeletal muscle. 

The discrete organization of area 4y remains a mooted question for 
some commentators in spite of the fact that it is possible to analyze its 
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basic plan in terms of reacting muscles. No common denominator has been 
found for the results which follow ablations of this cortical surface in man 
(compare Foerster, Bucy, Penfield and Erickson). Indeed, the control 
of use of skeletal muscle which has been observed to persist after such 
lesions has been explained (1) as the result of activity of the ipsilateral 
pjTamidal tract (Foerster, 1936a, b; Bucy, Chapter XIV), and (2) as 
evidence of multiple representation of movements within this cortical 
area (Hughhngs Jackson; Walshe. 1946). Certainly, if multiple repre- 
sentation within the precentral gjTus of the macaque exists the bilateral 
loss of the leg area should not reduce the lower extremities to the status 
of support only. Indeed, the inlactness of both arm and both face areas is 
unable to confer upon the ammal the hand-like use of the foot so char- 
acteristic of the monkey's activity. Indeed, wisdom dictates that assign- 
ment of the control of movement which suiwives lesions of area 4y to 
any particular organization within the posterior division of the precentral 
subsector be postponed until the function of a second motor area found 
within the operculum of the frontal lobe is analyzed. Bailey (1947; per- 
sonal communication) found that this second motor area has a reversal of 
topical localization similar to the reversal found within the second sensory 
areas which characterize each of the three posterior lobes (somatic sensory 
areas I and II, Woolsey and Fairman, 1946; auditory areas, Walzl and 
IVoolsey, 1943; visual areas, cat, Talbot, 1942). 

The differential distribution of “paralysis” observed in man after cap- 
sular lesions and after removal of the precentral gyrus in laboratory 
primates awaits further analysis. We do know, however, that the monkey's 
ability to step (bipedal) forward and lateralward after bilateral ablation 
of the arm and leg areas vanishes if area 6 is added to the initial lesion ; and 
that the mass innervation of the musculature of the extremities which 
enables the bilateral 4 and 6 preparation to maintain posture (abnormal 
to be sure) to initiate quadripedal progression (also in an abnormal way) 
and to feed itself (use of musculature, synergistic) also vanishes after the 
lemainmg prefrontal areas are removed. Xo one has assigned to tliese 
areas control of the movements which disappear when they are added to 
the initial lesion. This suggests that reactivity of muscle to the electrical 
current is of major importance in our allocation of control of skeletal 
muscle to the cortical surface of the frontal lobe. 

The discrete use of skeletal muscle and the ability to fix muscles not 
so used are intimately related both functionally and anatomically for they 
disappear together when the corticospinal sj-stem is radically injured. The 
development m time of these two aspects of use of skeletal muscle in the 
infant macaque suggests that the ability to fix musculature (fnmk. girdles, 
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and proximal in the extremity) frees distal musculature for discrete use, 
for the adult type of discrete use of distal musculature does not appear 
until the ability to fix proximal musculature has matured. There seems to 
be a further intimate anatomical relation between musculature used in 
these two ways. For as long as comnervation of muscles of the trunk and 
those of the girdles persists, and as long as the contraction of proximal 
muscles which move the extremity into position, preceded by a short 
interval of time the innervation of distal musculature, is observed in the 
infant s performance, similar coinnervations and visible fixations can be 
evoked by the electric stimulation of the precentral gyrus in the infant 
monkey. When these two phenomena ceased to play a visible role in per- 
formance they were no longer elicited (Hmes and Boynton. 1940). In some 
mystifying manner their sublimation was complete. These findings sug- 
gest that the results of small lesions of area 4y maj' be read not only in 
terms of “paralysis" of some muscles but also in those of freeing others, so 
that they contract visibly rather than perform their function of invisible 
fixation. 

In conclusion, the significance of the precentral motor cortex lies in its 
ability to confer upon the individual who possesses it within an intact 
nervous system the discrete use of skeletal muscle directed toward a given 
end. The ability to direct this discrete control of skeletal muscle is quite 
possibly the contribution of the anterior division of the area frontalis 
ogranularis; the execution of that control is most assuredly that of the 
posterior division of that area. The discrete control exercised by the pos- 
terior division is dependent upon the organization of the corticospinal 
system which stems from the precentral gjTus. This complex descending 
system contributes “to the central excitatorj* state of the segmental motor 
mechanism” and seems to lend to phasic activity an ease of initiation as 
well as a certain grading of contraction. Moreover, the ability to control 
skeletal muscle for discrete action is tlependent upon the cortical organiza- 
tion of the w'hole precentral subsector; upon that within its anterior divi- 
sion for mobility in tonic innen'ation. and upon that within its posterior 
division for selective fixation of musculature as well as for selective phasic 
activity. 

This phasic activity appears to be initiated as a choice of innervation 
either of a single muscle (when the chosen joint is moved by a single 
muscle, see p. 492) or of a group of muscles This initiation of contraction 
(i e.. innervation of prime mover or of prime movers) is alwaj's accom- 
panied by that of cooperating muscles, by fixation of more proximally 
lying muscles, and by graded contraction or rela.xation of antagonists. In 
skilled performance directed to accomplish a given end. the “fusillade" 
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innervation of the cooperating extremity is as important as the innervation 
of the active or leading extremity. This cortical tissue makes possible 
stopping a movement at a given degree of contraction, and starting it 
again at a degree of contraction necessary to follow through to the desired 
end easily and without effort. Stereotyped patterned movements, inte- 
grated at lower levels can be utilized as parts or wholes. Postural patterns 
can be assumed, modified and shifted such that an undetermined move 
can be made easily and instantly. To be "on his toes” is more than a trite 
expression. 

Posture must not only be maintained in an easy, natural way to free 
the hand for manipulation, but must also anticipate by its adjustments the 
next movement. Exquisite as the movements of the fingers arc, they do 
not work alone. And the variants in cooperation of movement, in fixation 
and in the increment and decrement of tone of muscles of the trunk, of 
those which attach the extremities to the girdles, and of those of the 
jiroximal part of the extremities are as important as movements of the 
digits in the attainment of skilled movements. No violin or piano was ever 
played with the fingers and hand alone. 

The precentral motor cortex is not an isolated piece of nervous tissue 
sending out its impulses to lower motor centers. Its accomplishments arc 
dependent upon the intactness of its thalamocortical relations The instant 
obedience of muscles demanded m the performance of skilled movements 
IS dependent upon intactness of other parts of the nervous system, in par- 
ticular that of the basal ganglia and the cerebellum. The nice modulation 
of movement requires relation of this tissue to other cortical areas. The 
precentral motor cortex reaches out to constrain cooperation of its mirrored 
counterpart; it requests the contribution of the postcentral gyrus via 
fibers which run beneath its posterior boundary. It receives modifying im- 
pulses from all the somaesthetic sectors of the parietal lobe. 

The aim which the skilled performance realizes is not an achievement 
of the precentral motor cortex alone; for the interpretation of distance, 
and the meaning of the object manipulated and even a part of the control 
of the manipulation itself is the contribution of sight. Motor adjustments 
are not made in theoretical space; they are made relative to an object 
within reaching distance, within stepping distance, and within one made 
out of interpretation of distance as translation through space. Examina- 
tion of an object by manipulation follows its possession, determined in 
turn by the ability to fix ami converge the eyes upon the object scon. 
Movement can be modulated by yet another sense, hearing Long associa- 
tion fibers with its areas of association arc dense eiioiigli to be picked up 
by our crude methods of degeneration. 
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But the end of the skilled performance may not be in view. To achieve 
it, skilled movements inaj’ have to take place in successive stages, both in 
space and in time. Here the prefrontal areas make their contribution. 

The precentral motor corte.x is not an isolated sheet of nerve cells. 
Rather, through its intercortical and subcortical relationships it becomes 
the chief executor of the cerebral mantle. Its uitactness confers upon us the 
ability to e.xpress the increment of our slowlj' and sometimes painfully 
achieved education. Without this region of the cortex cerebri ive would be 
able to move, but we could not “change our minds” in the middle of a 
movement. Without this cortical tissue we would not have such rapid and 
easy initiation of contraction of the muscles of our choice or the almost 
instantaneous stopping of that contraction. Indeed, the facile grading of 
the degree of contraction and the ready shifts of tone to fit the purpose 
of the act would be lost. We do not know exactly hon the precentral motor 
cortex produces this miracle of control of movement; but there it is, 
awaiting further analysis. 
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Explanatory Note 

Authors and publications mentioned in the text are listed in 
the Bibliography, pages 501-550, and generally are not re- 
peated in the index; entries are made under an author's 
name only in the instances where his w’ork is quoted or 
discussed. 

Numbered areas of the cerebral cortex are set in italics 
in the index to distinguish them from page references, 
although they are not italicized in the text. 

Principal page numbers are indicated by boldface type. 

The letter "n” following a page number in the index 
(os 45n) indicates that the reference is to a footnote on 
the page cited. 
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Abdominal reflex, See Reflexes 
Ablation, See excision under tiaine of ■•petific 
arco 

Acetjicholme, effect on cortical e\citabiht\ 
25S 

Achilles tendon reflet. Sci ReflexC' ankle jeik 
Acid-ba>e balance alteration.'- jceompanied 
b\ ' luomotor change® 258 
Action potential See Electrical potential- 
Action tremor. See Tremor intention 
Actiiitj. See Electric il .ictnitt, Hxperac 
tiiitj , Motor actnit.t 
AdiadokoVvinceia, -\mpioivi of cerebellar 
legions in man 2S0 

Adrenal hormone? aiisiment ?j\«'ticil\ and 
tendon reflexes. 2% 

Aorlix. E D afferent imi'ulse- to pretcniial 
cortex, 45n 

recording potentida of lentral nerxon- 
sjsteni, 85 

Adicrsixe comul-ivc -eiziiic-> from .irea f> -IIS 
Adxcrsne moxement- ot bead and exc? niih 
lesion® of arei u ■41" 

Afferent fiber-, Se« Fiber- nnd, un'hr t-intifie 
nreni. connection-, afferent 
Afferent impnl-e. Sn Vene impiil-e 
After-discharge coniiil-ne nature and 
spread 218 
dc'cnption 2oS 

electrical, condition- tnorable lo deiclo)*- 
ment 218 

AcDtHR E . pmx/cell coefficieat. fll 65 
Age relation to recoien after icsioos of 
cerebnl cortex, 273 

^graniilar, term a«cribed to piecentral motor 
cortex, 13 

Agranular areas Sit undir Areas of cerebt.tl 
cortex 

Ausertom reported stimulation of white sub- 
stance can c.-iu-e epilep®i, 1&5 
Aldimi J ontogcne-i- of area 47. -13 
Aloiiitta brain, 15 16 
Alpha waies. See Electroencephalogram 
Amplitude of electrical record 56 
Amjotrophic lateral sclerosis, .areas 4 and 6 
atrophied. 427 
behai tor disorders in, 439 
cx toirchitecture of area 6, 440 (illii® ) 
hi-torical data. 427 
mental sx mptoiu® 439 
mii'Ciilar atrophx' 436 
pathologj, 412, 427, 428 
precentral motor cortex affected, 427 
pyramidal tr.ict, degeneration, 146 427 
Spasticitx- in 43S 
ca-e report. 429 

spbinctcrie di-turbances not conimoD. 441 
xolitionil and skilled moxements di-turbed, 
436 

Anarthria. xxith le-ion of area 44. 420 
A-DtR-ox. O D. quoted on ex|ierimental 
nciiro'Cs in sheep, 302 


I Anesthe-ii. aboli-hed moxement-) produced 
XU extrapxTamid.iI fibers from precentral 
motor cortex, 4S0 

axeitm stiidx’ of electrK.il excitabilitj of 
cortex 346 

barbiturates, aboli-h in' ohmtarx niox e- 
ments of choreo-atheto-i-, 39S 
effect on areas 4 and 6. 39S 
relation to cortical stmiiil ition, 254 
ihloial hxdrate, decrea-e? excitabditx of 
cortex, 192 

ihloralose. effect on strx ilraiDization of 
cortex 260 

effect on tran-mi-sion of strxchnino 
-pike-, 225 

clioice stimulating human cortex, 246 
stiidx mg electrical excit.ibility of cortex 346 
coitical -tmiubtion relitionto 253,254 
dul cortical stinrolation relation to. 254 
motor re^pon-es from cerebral cortex. 219 
-tnchnine -pike? trm-mi-sion effect on 
225 

-rncImiDizition o! loitex effect on 260 
clecfrocorticofn’ani change- during. 303 
excitabditx of centi.il motoi .appiratu- di- 
unm-hed 183 

lot il -cimciliiion of lortpx ot (on-iioii- 
paiienr 246 

iiiorphioe .implitiidp and cour-e of excita- 
tion ID medium grades. 181 
decelerated excitation ISO 
licighiened reflex rxcicabilitx 188 
influence on excifibilitx of cortex, 176 
181 200 

reaction lime lane- 188 
nnpcrciiDc. stiidx ing electrical cxcitabilitx 
of cortex 346 

pcntothal sodium -tiidxing elcctricil exci- 
labilitv of cortex. 346 

piocaine hjdrochlonde Putnam- studj,402 
Ankle clomi- sxmptom xxith Ic-ion of area 6, 
417 

Ankle jerk See uwrfi r Reflexe- 
Anterior central conx olution Scr Gxrii- pie- 
; central 

Antenor cerebnl artcix Set Arteries 
I Antenor hxpothalamu- Sic Hxpothalamiis 
Antenoi limbic area Set under Areas of 
rerebr.d cortex 

I Anxietx states, max b” related to frontal 
poles, 303 

I Apitbx. result of frontal lobe le-ion-. 322 
I Apes, cjtoarchitect lire of precentral cortex, 25 
frontal exe field-, position 324 
xanatioD in coax olutional and sulcal pat- 
tern ID bmin- 324 
Apha«ai and irea 44, 269. 420 
etiologx’. partial occlii-ion of middle ccre- 
brd arterj 434 
s|>eeific to areas 6 anti 44. 250 
Aj'icnl dendrites Scr Dendrite- 
Appetite. effect of prefrontal lobotonix, 302 
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ApTiXli, 

effects of destiuction oi JeaioDo, atea 4o, 482 
area 0, 26S 
area U, 420 

apecific fo areas 6 and 44, 250 
Aiwnovicii, J, mjcloKenetic studies on 
Brocj’b area, 65 

Aibonzation, afferent cortical fibeis, relation 
to actiMty of cerebral cortex, 101 
axonal, in cerebral cortex, 100, lOl 
direct articulation with pyramidal neu- 
lons, 103 

coiticipetai fibeis in horiaonal stratum m 
]''recentral cortex 103 
ii.er\e cells with short axons, local and ex- 
tensile types, 101, 102 (itliis) 
relation to electrical record, 105 
thilanio-coTtical afferents. 101 
Archicerebcllum, 5cc Cerebellum 
Arcliitecture (5ee aho Cjtoarchiteilnre mid 
Myeloarchitectiire ) 
cerebral cortex, 100 
prceentral motoi torfev, 464 
rolo of architectonics in deciphering electri- 
cal activity of cortex, 83 
Aicuate sulcus, See Sulcu®, arcuate 
Area® of cerebral cortex 
(Xvrnbered areai are lolloued bv ffcnm/ 
rntriea, in aiphttbt hcnl order, bcpinmnd 
on jmge S6I ) 

connections with other areas, 114. 238 
(tab). 239 (tab) 

heini'sction of spiml cord, chidges after, 
146 153 

impiiUes to, 235 

pyramidal tract in monkeys, contributes 
fibers to, 153 154 

8"D*or3 significance, 233 (map), 231 
area H (po-tccntral siippres>or area) 
afferent impulses, 235 
connections with other areas, II4, 238 
(tab) 239 (fab) 

efferent fiber* to caudate nucleus, 221 
hcmisection of spinal cord affects 146,153 
pvraniidil fibers in niotikejs, tonlnbuted 
b>, 151 

son-ory significance, 233 (map). 231 
'Upvres-Jion of electrical activity. 238 
area 3. 

in aloti itta. 16 (illiis ) 

am 44 lo'ies contact with, in man. <0,71 

bound inc', 23, 232 

connccliona to areas 4 nnd 0, 114 

in paligo lemur, 14 

praniilir cortex between am 44 *ntl, in 
tiiacdc\ue, 71 

hcnii-ection of spin il cord affects, 146, 153 
motor ic'pon*o* elicited, 232 
|i\rimidil fiber* (ontribiitcd bj, 153 
Miinul ition. effect*. 232 
slrvchmnizition, effect-, 232-231^ ^ 

chiinp-inzec, 2o 


area 4 

(See also areas 4a, 4s, 4y, Kigantocellu- 
laria, gigantopj ramidalis, motor, 
precentral (Campbell), belou ) 
ablation. See excision, below 
activity suppressed bv area 4s, 239, 257 
m alouatta, 15, 16 (illus ) 
area g, microscopicallj simihr to, 49 
interdependence, 274 
area 44 m relation to, 71 
aici of firing from strychnmizition of a 
point, 230 (map) 

atrophic in amyotrophic lateral sclcro-is, 427 
baibiturates, effect, on. StiS 
Betz cells., m amyotrophic lateral scle- 
rosis, 427. 428 

cortico-^'pina] innenation. not cxclii- 
siaely Te«pon<nble for, 251 
multilsminar arrangement, 17 
number in macaque, 66 
pyramidal tract, contribute fibei » f o, 152 
boundaries, 

between urea g and, m chimpantee cor- 
responds to aiei 4s, 27 
marked by superior pretonti il sulcu*, 
68 , 388 

pO'terior, in chimpanzee, 25 
relation fo central siilcu*, 68 
in rebus, 15 

cells (See aho Betz tel!', oboK ) 
damaged in acute anterior poliomjc- 
Ittis, 412 

den-itj decreases progre*M\eIy fpoiii 
monkey to man. M 
pjramidil, effect of hemi-oction o( 
pons, 147 

receptive, arc mostly pyramidil 40 
cerebellar impwUes relayed to, 116 
cerebellum in relvfion to, 279 
m chimpanzee. 25, 28, 69 
ehoreo-othoto*!*, movements tlue to, 452 
eonnoefion*. 

afferent, from arc is 1, S, d, S, 7, S, 0, 17, 
SI, 22. 114 

from am e, 217, 4G1 
from eerebcNiim IjimI gingli i, fhali- 
imi', lie 

from thalamii*. 116-119 (illu*), 120 
efferent, 136. 138 (di ig ) 463 
to area 0, 217, 4W 
comnii"ural fibers, 148 461 
corticifugal fibers 136 
cortieo'ponline trict iiri-p* fiom, 141, 2^0 
cortieo-riibrnl fiber*, 139 
cortico-stri itr projection 137 
oortico'tegmcnt il fibers, 141 
corfico-zon.il fibf r*. 139 
(Xtrjpvraniiild 417 
in internal rap-iile, 137 
niiinbtr of fiber-, 110 
projetlion f\-teins eoiiip ii< il, 138 
(diag ) 

]>vranii'til fiber* mingle «i(li rviri- 
pvrimidil. 117 

pvriniidil Irict nri-es frciiii, HO 152 
151, 263 128. 4&» 
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Areas of cerebral cortc\ (cantuiKrrf) I 

area 4 (cont«nuc<f) I 

connections {conlmurd) 
with opposite and ii'silateml henii- . 

sphere, 114 ' 

nith thalamii*. \ entrol iteral nmleu- 
121. 124, 2S3 

cortico-spinal tract, SiC connection- ef- 
ferent. nboie I 

degeneration of lafrairranular cell-, after 
hemisection of spinal cord, 146 . 

results in focal or Jack-onian comul- 
sion-, 440 

destruction (Sei nNo excision ow/ Ie-ion< 
beloif ) 

0 iccid par.ihsi', 263 429 
by local fhemiocoipuHtion. 22S (illite ) ' 
mii'Cular atrophv, 414 436. 4SS 1 

piramidal fiber'’ lo-s of 147 I 

reflexes and mo'enients, effect on 263 
-huenng relation to, 300 301 
spastic paralv'is, 429 
s\-ndrome, 431 

discrete moiement-, control 437 i 

electrical stinuilation, See stimulation 
beloir 

rlectricall.x excitable cerebral cortex lo ' 
relation to. 473 

excision (.See ofso destruction oboic and i 
lesion*, befou ) 

bilateral, m monkeys, 3S4 d , 

choieo-nthelo-i* disappeared 452 
fliccidilx ID relation to, 270 
mu'Cular nioiemenl effect on 4S5 , 

paralysi', temporan', 3S0, SSI 
re-ults. 230 

tremor, cerebellar, effect on. 274. 2S6 
of p.iralysis agitans, abolished 451 
extrapjramidal actmty peculiar to. 161 
fiber*. See connections, <i6oi< , 

fiinetioQ. 3. 495, 406 
mSuence- circulation, pupil, bladder, 
gastrointestinal, and pilomotor rvs- I 
tern'*, 303 

raoxement in all four extremities pro- I 
tUiced bx one hemisphere, 3S4 | 

role in motor function of cerebral 

cortex. 24S. 252. 262 I 

sen-orx- and motor. 216 ' 

functional band*, differentiation. 69 
in Uxpale, 15 i 

m Huntington's chorea 43S (illu-) 

Itjer V. gray/cell coefficient relition to i 
brain weight, 66 tdias) | 

lj>ers, thickne-3 m mm, 33 
in lemur, 14, 15 

lesions (See aho degeneration and de- ' 
stmction, aboie ) 

xxhich affect, inxolxe adjacent fields m 
man. 414 

in anixotrophic lateral scleifi-i*, 429 
arterj . middle cerebral, occlusion cau-es, 
433 

IJabm-ki's sicn xxith 414 436 
behxMor affected. 439 

bilitcral di'turbancps of iirinition and | 
defecation. 411 ' 


area 4 {continued) 
lesions (continued) 
m chorea. 452 
edema influence on. 446 
flaccid parabsi-*. cause of, 430 ff 
focal cortical palsies, 414 
Hoffmann’s sign xrifh, 436 
in Huntingtons chorea, 43S (illus ) 
isolated moxenicnts lost contralater- 
all>. 414 

localized, max- produce localized pa- 
rahsis contralaterally. 413 
los-x of di'crete moxement? 414 
in man neurological signs not cleai, 
414 

iiiU'Culai .itrophx nith. 414 436 
muscular spasticity, cause of, 42S 
with paralxsi- agit.in-, 448 
jthcro-clerotic parkm-oni-m, 449 
idiopathic parkin-oni-ra, none found, 
449 

post-encephalitic parkinsonism, Case 
12. 41S 

rctoxery from, xariation 274 ff 
shixering infliieDce on. 446 
skin (empemtitrc. influence on, 446 
-pasticitx, 42S 

tendon reflexes mcret-ed 415 
vasomotor alteranoas, 446 
location and char.xcter 260 
ID nneaque. 6$ 
in man. 35 
maps 214. 215 

motor function in localization, 262 
phxlogonelic deiclopiiient. 69 
placing and hopping reactions dependent 
on 263 

projection s>stem. Sec connections, effer- 
ent, «6ote 

reprc-entation, 261 262 
size, 70 

stimubtion, 159 

of area 4* tull suppress electrical actix- 
U\ of 239 (dills ) 257 
effects, contrasted xxith stimulation of 
area 6. 267 
electrical 261 2S4 
focal conx uNions not cau-ed after 
cutting pjTamids, 441 
kidnex xolume dimtm-hed. 299 
liQib volume increa-ed, 304 
results 261 

strychninization, of area 4* suppresses 
electrical actuity of, 239 (dlus ) 
m macaque, 223 (oscillogram), 230 
(map) 

subdivisions, Hoxr together in leg field, 35 
in man. 33 
somatotopic. 219 
svndromc. 413 

thalamic projection to nrm and face field, 
120 

trinsitionil area between area 3 and, m 
chimpanzee. 23 

tumor, a^troex tonia of upper portion, 417 
produced focal conxul-ion-, Ca-e 7. 441 
volume in macaque, 66 
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Areas of cerebral cortex (conffnj<ed) 
area I,a 45, 69 (Sec also area FA, 
below ) 

BeU cells absent, 49 
cell types, compared with area it, 37 
cjtoarchiteeture, 33, 47 (ilhis), 49, 51 
definition, 4 

\on Eeonomo and Kosl-snas first to 
recognize, 49 
functional actnitj. 490 
layer tva, distribution of la^e cell*, 4S 
lesions, apraHia from, 4S2 
isolated to, unknown in man, 481 
in man, area in chimpanzee and 
monkey comparable to, 213 
cjtoarchitectuie, 47 (illus) 
maps, 214, 215 

mjeloarchitectural chaiaetenstics, 33 
part of area 6 of Voet and Brodmann, 45 
stimulation, effect, 329 
subdivisions, 467 

area 47: 69 (See also area FAy; oica G'ff 
(VoRts) ; KIR inloccllulans, giganto- 
Tiyromidalis, motor, precentTal 
(Campbell), below) 
apical dendrites branch in layer II, 38 
Betz celli in, total number in mm, 66 
boundary, po»1enoi, 
cells, 35, 37 
characteristics 43 
cortical hyers, 39 
cytoarchitectUTo, 33, 49, 51 
definition 4 

destruction causes miiTCuhr atrophv, 4S8 
CNCiiion, ‘leg area,’ 361 (Ca«c 1), 481 
mu'Ctilar atrophy after. 383 
“pa'licity not caused, 486 
tremor aboli*hcd but returned, 402 
function, 41, 490, 493 496 
heterouenoous evnaptic fields, 45 
heterotj pic il cortex, 40, 43 
laminar pattern, 36 
layers, bound irios indi-tmcf, 35 
Cajal enumerateil sis, 36 
ilisccrnihle in early infancy, 43 
inner Eranul ir, 43 
layer 1, horizontal ccH® of Cajal, 37 
1 lycr ii, cell-* 1 itKPT than in arc i 44, 54 
I ly cr II, apic il ilcndfilcs 38 
liyramidil eelN 3S 
liter TH, axonil plcxu-, 39 
taxer ui of Cajil. cotrc«>ion<!< to liyci 
IIIH of t on 1 lopomo .and 
Ko'kinj'', 38 

i lyor til, axonal plcxu-. 39 
of Cajil, corcc'ponds to layer IIIc 
and III (I\ ) of ton IJconomo 
and KO'km i-*, 3S 
ilcfincd, 40 

locil dendritic field (Bok), 38 
star crlU. 3S 

liter I. ai'icil dcndrile, relation to 
stnjip of Hull irgcr, 45 
bi<il dondritp' of Betz reli-, 40 
(tloirrhitirtiire, 40 
liter VI. ct toirchitecture, 43 
lay cr i II, zone of f ran-ition, 36 


area 47 (conlinued) 
lesions, 415 
in man, 33, 46 (illus ) 
area 4q in chimpanzee and roonket 
comparable to, 213 
maps, II, 214, 215 
myeloarchitecture, 33, 36 
after Cajal and Vogts, 34 (illin), 30, 
37 

Campbell first dc-cribcd, quoted 35-36 
ontogenesis, 43 

leprcecntation of i-olated musClcs, 4^n 
stripe of BailLirger, 36, 45 
subdit isions, 467 

synaptic relation of efferent pyramid il 
cells, 59 

thickness of cortex, 35 
toiumc in min, 66 
area 4? 

connections, afferent and cHercnt, 231 
afferent commissural heterotopic, 237 
cillosal or commissural. 236, 237 
efferent to internal cap'ute, 221. 222 
(dug ) 

with other ireas, 217. 238 (t.ib). 239 
(tab) 

definition, 213 
ni.i|)', 214, 215 

in nionkev and chimpinzco compinblc 
to arc I 47 m man, 213 
rcspon'C, threshold and nature, 219 
soniiiotopie siibditi«ion in monkey an<l 
chiinpinzee, 213 

sirychninizjtion, locil effects, 231 ff 
area 4' 

(onncetions, afferent. 233 (chart), 235 
afferent commissural heterotopit, 237 
callosd or commi'«surMl 236, 2Jf 
efferent 233 (chart), 235 
to internal capsule, 221 222 (dug) 
with other areas, 217, 238 (lib), 239 
(lab) 

definition, 213 

location la chinipanree, 220 
214, 215 

m monkey and clump mzie comp irabir- 
to area 4 i in mm. 213 
soTOitotopic Mibdni'ion in ninnkO and 
thinip Inzer, 213 

strychninizition, lo(al rlfrct', 231 ff 
area 4* (ztrij* of Hme*, preecntr.d miji- 
Iire^orarea), 4 33.49 54, 220. 265, 435n 
antenor limbii area in relilion to, 4 
area C, boiindirv with, ikterinin'il bv 
elcctncil stinuilifion m monke'. 473 
. area 8 simil ir to, 4 
in cebas, ab'cnt, 15 

cells, pjruniKlil, rITict on hrnu'irimn of 
j>oTv*, H7 

in cliimpinzef, 25, 27, 29. 68 
ionne«tion< ifferenl. 12>. 233 (ihirl), 

or lonmiH'iird 236.237 
ifferrnt. 136, 13S (dug), 233 (chirO. 
233. 26.5, 165 
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Areas of cerebral cortex (contiHurff) I 

area is {.conUntied) 

conaectioQ' (continiicrf) I 

efferent (confinuiff) i 

to caviiiate nneleu- 221 222 (ding) 1 
465 

corticifiig il fibers 136 | 

corttco-pontine fiber- 141 2S0 
cortico-rubril fibers. 139 I 

cortico-striate fiber- 137 i 

corttco-tonal fiber- 139 
to grni- cinsuli. 126 {jIKh ), 127 i 

m intern kl caiteiile. 137 <ili>g) 
number of fiber- 140 
to jions, 142 I 

projection -xstems coinjurerl, 13S 

(jta? ) , 

I>\Tamidkl fiber- mingle oxtra- 

P>ranud.'»l. 147 

p\TaiuidaI tract ari-es trom 465 
with other are3< 23S (tab ) 239 (t ib ) 
destruction causes spasficH\ 220 26S 
429, 4S1 4S8 
excision, 263 

fibers Ste connections nhun 
functional actnitt. 490 
layer ii, large cell- 27 4S 51 
lesions. Isolated to. unknonn in mm 415 
spasticity resulting. 26S 
location, m man 263 
superior precentral 'iilrtis as lindmirk, 
25. 32 61 6S 
in micaque. I" -IS 
in man. SI 265 
ion Bonma illustration 49 
demonstrated SOn 3S0. 3SS 
importance hrgel.y unknonn 3SS 
maps. 214. 215 267 
cnxeloarchttecture. S3 
projections bVt connections, efferent 
abo(« 

retrograde degensmtion none after Itcnu- 
section of pon- 147 

somHtic function, 253 , 

stimulation. 220 
m mm. SOn 

potentials in cerebellum exoked 2S4 
re-ulta. 265 

suppression ot electnckl acfjxitv of 
cortex and ot area 4. 239 257 
structure. 265 

slnchninizatiun. loc.il effect- 231 B 
subdiy ision-. 467 
soniatofopic. in monkej and 
chinipmzee, 213 

suppression of electrical ictuiM.23S 240 
suppressor effect 220. 265 
terniinolo>'x', 4 I 

xrea o- I 

connection-, afferent, 235 
efferent, to are.is 4 and t>. 114 

contribute fibers to jkVTxmidil tnct I 
in raonkej, 153 154 

with other areas, 23S (tab ). 239 (t »b ) [ 
heini-ection of ^pinil cord, ch.inge-, 146 1 
153 

sen>orj‘ significance, 233 (map). 234 
slrxchnme spike-, propagation, 225 1 
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area 6 4. 33 (5e<’ oho area 6a , area 6aa , 
area 6i/5, area FB, premotor, beloii ) 
adier-iye conMilsiic seizures from. 415 
m amyotrophic lateral sclero-is, 429, 440 
(illu- ) 

aphasia an<l apraxn specific to, 250 
area 4 microscopically similar to, 49 
mterdei-^Tidence. 274 
are t 4a con-idered p irt of, 49 
area fia/i ol \‘ogts -.ime as. 18 
.yie\ 8 rostral to 257 

atrophic in amyotrophic lateral sderosH. 
427 

barbiturate^, effect. 398 
bi-jl ganglia interrel ition-hip. 273 
bouDdine-< .interior 61. 69 
leea 4. 6S 3SS 
area > 473 
aiei 44 23. 32. CS 

n.irrott strip in chiinpinzee corresporuU 
to are.i 25-27 

-iippre— or areas $ and 4s on each «idr. 
267 

cerebellum m relation to. 279 
columnar jiaftern 51 
colunmizitioD slight m chinipanzee, 27 
connei rioos 

ifferent. 51 233 (chart) 235 
from areas /. J, 5 7, S, 0, 10 17, 
31. 33 1 14 
from urea 4 217 464 
from ba-tJ ganglia 116 
Ironi cerebellum 116 
from lenticular nucloii- 116 
from rbalamu- 116-120 122 (illus ), 
123-129 2S3 

nitJt are I $ not foiiml, 464 
cillosjl Ol conmii— itral 236 237 
couinu-sural homoiotopie 237 
efferent 136 13S (dug) 233 (chart) 

235 465 

to -icea 4 21? 464 
a«Mjcution fiber-. 464 
ID cerebral peduncle. 142 
corticifugal fiber- 136 
cortico-iiontme tract 141 2S0 
cortico-rubral fibers. 139 
loitico-striite fibers 137 
cortieo-zonal fibers. 139 
extrai'yranndal fiber-. 147 447 
to globus pallidu', 221. 222 (diag ) 
to internal caji-ule. 137 
number ol fibers. 136. 13S (dug) 
in pons. 142 

projection s\ stems compared 13S 
(dug ) 

to putaiuen, 221. 222 (diag ) 

ID pjraiuidal tract m man, po-sible 
154 

pvraniidil tract doe- not .iri-e {rom. 
465 

unn).yehnated, leaie xia pyramidal 
tract, 153 

with other area-, 23S (tab ). 239 (tab ) 
conyul-iie seizure produced from. 415 
lytoaichitectiire. 33, 31. 467 
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Areas of cerebral corte*! {continuec^) 
area 6 {continued) 

destruction, effects (See also excision 
and lesions, below ) 
gastric ulcer, 297 
intestinal intussusception, 297 
o\ er-reaction m ino\ emenfs/301 
piloerection, 3Q0 
reflex forced grasping, 487 
spastic paralysi-, 429 
syndrome, 268. 415 ff , 431 
electrical responses mediated transcoiti- 
cally to area 4> fS4 

electrieallj excitable cerebral cortex in 
relation to, 473 

exci'ion (See afso deatriiclion, above, 
and lesions, below) 
bilateral, monkeys, 3S4n 
o( caudate nucleus and putamen to- 
gether nith, 273 

ehoreo-athetosia disappeared, 2S6 
o! cortex anterior to, 402 
frontal eye fields, icapon'e not altered 
by, 329 
results, 251 

temporary paraljsis 380, 381 
tremor, cerebellar, effect on 274, 280 
of paral>sis agitsns, abolished. 451 
extrapjramidal actiMty, 101 
evo moicments elicited, 335, 337 
fibers, See connections, above 
function, 3, 216, 253, 303, 493, 490 
in Hapale, 16 

m Huntington’s clioiea, 438 (ilhis) 
injury to, results, 481 
integrity of, not esocntid for nornnl 
equilibratorj function, 417 
hters, thickness m mm, 33 
in lemurs, 15 

lo«ions, m amyotiophic literal gcleic>«is. 
429, 440 (ilUis) 

of area 4 partly affects, in man, 414 
arteries, from occluMon of, antenoj 
cerebral, 432 

iiiuidle cerebral, 433, 434 
bilateral, di-tiirb inees of urination and 
defecation, 441 
in chorea, 453 

de% lation of contr.ilatei il arm jn, 417 
dugno-tic svinptoius oC, 416 ff 
in di-tonn imi-niloriim dcforn>an«, 

454 (illui) 

gra-p refiex in mm 48\ 

Hofftiiann's sign \utli 435. 43G 
in Huntington’s clioica, 438 (iIIih) 
iiiu-'cul ir eiii«ticit\, cui-p of, 128 
with paralisis .agit ins, US 
ntheio-^clerotic ji irkin-oni-m. 419 
Kliopathic iiarkm.<oiii-in nunc found. 
449 

pO't -encephalitic I'aFkin-oni'ni 417 
(illu.= ). 448 (C’li-c I2> 

I>i«t pointing in, 417 
chic cli inge-, 419 
rceovcrj from, larntion.', 274 ff 
result'*, 4SI 

Ilo-'solinio’# sign with. 435 


area 6 (continued) 
lesions (continued) 
gloiilj produced, 417 
spasticity, 428 

tendon reflexes, transient moderate in- 
crease, 435 

unilateral, influence of posture, 414 
urination and defecation, disturbance'' 

411 

xasoconsfriction and skin temperatuie, 
effect on. 208 
lOfoniotor alterations, 446 
location, ^7 
in macaque, 20 (illus) 
in man 35. 50 (iIlus), SI 
niai>s 214, 2J5 
niOtoi resjionse from, 220 
mo'enient in all four extienuties pio- 
ducedby one Ueim-phcrc, 384 
jiK?vemenfs of choreo-nthetosis lirgelj 
due to, 452 
in>cloaKbitoctuie, 33 
p>ratmdal cells gigantic m, 259 
retrograde degeneration, none after hemi- 
scction of rpiml coid, 146 
sue, 70 

sonntotopic localiz ition absent in, 491 
sQinitotopie stibdiu->ions, 213, 219 
spinal piojcction from, 146 
stimulation, effects, 267 
cioked pofentmN in cerebellum, 281 
kidney loltimo diminished, 299 
m man, 331, 474 
m siiblnimm piimatc«, 475 
structure, in primate*, 00 
Mrachninc spikes from focus in mncinue, 
229 (illu-) 

sir>chnmuatton. local effect*, 231 
syndromes, 268, 415 ff , 431 
terminology, 5 
thfO'hold of, 220 

(niuoi, a*troij torn i. Kcnnard-Viet*- 
I'lilton ci-e, 417, 431 
pioduced fotil con\^llnon^, 441 
(Case 7) 

iimlerly mg, lociiizrd piroxy'<riiil sue it- 
ing nith. 419 

area Ca (Vogt-.) ( up i iireci ntnli* simplex), 

|3.4G7 

cluracten'tics tuiupired viitli arci Cb, 5 
■n iiiacaquc, IS 
ana Ooa (Vogts), 5 
atbetoui nioicsupnt'* effeiteil b>, 39S 
in pun and monkey, not homologous, 18 
ii(iiuul ition, cffid, 329, 318 
aiea InP (Vogt-), 5. 18 51, 140 

excl'ion in mm no iffrct on ii-jion-e of 
frontal eie laid'*, 329 
eje nioicment* elicited from 33.7 
*tin>uk<tion, dining coritr.il iter il 
Rystjgmu*, 320 
,n nun, 331 

of preicnlrd motor cortix, ilTict on. 


are i t ( Foer- 
44. Ih low ) 
arei frontO'<ipetruljn*, 1: 


Vogt*) (Sic nho 
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Areas of cerebral cortex (conltnucd) \ 

area Cb (continued) i 

dcMirnated a» area 44. 5 18 
ilnidcd into O'ba and Gbfl, 19 i 

areas ffba and 6bfi, liotuologou- to areas ofi 
and 57? 27 

local effect of ^tr' chnmization 231 
area 7. connections to areas 4 and 6 114 
contributes fibers to p\ramidil tract in 
monkex. 153 154 

rehtion to areas and 40 m chimp inzcc 
and man 2S4 

“•enson significance, 232 {map) 234 ' 

art‘1 S 9. 72. 72 ff 221 (*V, aNo Frontal 
e^e field', and urea FC. frontal sup- 
pressor, fatloH ) 

anterior hmbic urei in rehtion to. 4 
area FDF comparable to xentral put 1 
of’ 74 (illiis ) 

borders and cxcit.ibilitv 269 
connections, 

afferent. 233 {clurt), 235 
comniiNsurat heterotoptc, 237 
from thalanui' 130 

null area (J. a'sociUion fiber' not I 
found 464 

callosal or commis'ural 236 237 1 

efferent. 136, 13S (duff), 233 (chirt) ' 
235 

to areas 4 and f). 114 

to caudite nncleii' 221. 222 (ting ) 

ID cerebral peduncle. 339 
cortico-'tn.ite. 137 
cortico-tegnient.d 141 
in internal capsule 137 (dug) 339 
(0 subst intia nigra 339 
to tecmeDtiim 339 

with other are is 23S (tab >.239 (iab> 
with precentral motor cortex. 9 
romulsions ari'ing from, m man 456 
tlcstructiois (iJtt ul'U excision 6e/o« ) 
deiution of ejes with. 421 
cxci'ion. effects, 251. 269 
extent. 267. 336 

c\c nioxenunts elicited fioni 337 
fiber'. &( connection', nhou 
frontal cxc held', 4. 327 
in chimpanzee 219 

frontal Mipprcs'or am relation to. 72 IT 
function 4. 303 
h\ers 'tnictiire, 72 ff 
leMon*. .arterv middle cerebral, from 
jurtiil occlu'ion of, 434 
ID chore.!. 452 

in hepatolenticular degeneration 456 
li'i'eractn Ui not caused. 323 
octil ir mo\ enient', di-turbanccs cau'cd 
456 

with par.ilisi' agitans, 44S 
•.itheYO'Clerotie patkui'Onisra. 449 
idiopathic parkinsoni'in. 449 
po't-encephalitic parkitisoni'm 44S 
in mm. 73 (dlus) 
iiiai'.'. 214 
errors m, 337 
in monkex'. 267 


area 8 (conlinued) 

projection sxstem, .Sie connection*, 
aboic 

stimulatiun. during contrahteral 
nxetaguiiis. 320 
effects, 221. 269 
ejes and etelids affected, 456 
jiotentiaU m cerebellum eioked. 2S4 
re'uU' 474 

stripe of Batllarger. 72 
structure. 72 ff 

strxchniRizition local effects. 231 ff 
-uppression of electrical actiiiti. 23S 
'Uiipre"Oi areas ro'tra! to area 237 
-iippre'sor effect demonstrated b\ I’ogt* 
319 

'Midrome of, 420 
threshold 221 
tarutiun' m. 336 

area 6.4, in nucaciue frontal «upj>rc''0r 
arci m man corresponds to. 72 
area 60 (togts), inhibition from. 319 
.irra SaffS (Vogt«). excuion in man, 334 
frontal etc field identified a' correspond- 
ing to 329 

area 80037 ete moiemcnts elicited 335 
.we.» SB areas i^A and 45 in macaque, 
frontal supprc'sor area in man corre- 
spond' to 72 

area 6^. suppressor aiea 319 
iren 8y inhibition of nii'titatori mo\e- 
ments from 319 

area 9, connection' to areas 4 and 6, 114 
CIO movements elicited 329 337 
liontal suppiC'sor area mo't occipital 
72 

ar«a '/<. eve movement' elicited from, 335 
.iren "hi. exc movement' ebcutd irom, 335 
.tre> 10, area 44 receives fibers from 114 
ronnection' to areas 4 and 6, 114 
e'e movements elicited from 335 
irca 14 (Walker), aiea 4* 'Q chimpanzee. 
219 

area orbit ili* ttgranuliris m iiucaque. 76 
tIuUuuc piojecunn from nucteii' medi- 
ali' donxihs. 130 
irca 17 (See o/'o 'triate. btloie ) 
conneclionN to .ireas 4 and »i, 111 
with other area', 238 (tab >. 229 (tab > 
fibers to motor area questionable 114 
area 7S 4 (See aho pirastnate belou- ) 
connections with other area' 23S (tab), 
239 (tab). 242 

are» 10 (peri'fnate area), connections with 
' other areas. 23S (tab ), 239 (tab ) 
efferent fibers to caudate nucleu-. 221 
impulse* afferent and efferent. 233 
(chart). 235 

gtimulatioa b\ Bubnoff .nnd Heidenhiin, 
013 

suppression of electrical activitj, 23S 
area connections to .area' 4 and 114 
I area area 44 receive- fibers from. 114 
I connection* to areas 4 and C, 114 
( are* ^4 78 79. 221 (See fl/'O area I.A, 

I anterior limbic, infraradiata , bilou-) 
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Aieas of cerebral cortex (continued) 
area 24 (continued) 

area 32 dnides, m chimpanzee, 219 
connections, 
affeient, 235 

com!Tiit,s\iral bcterotopic, 237 
from thalamus, 9, 130 
callosal or commissural, not 3et pro\ed, 
237 

elTercnt, 235 

to eaiuldte nucleus, 221, 222 (cliag ) 
with othci arras, 238 (tab), 239 (tab) 
with [iiecentral motoi cortex, 9 
^\rus cinguli {anterior pirt), i smppips- 
sQ! area, 219 

lasers, thickness in man, 35 
Umbit suiipressor area (arms, 9 
majiB, 214, 215 

rcgio infraradiata (Ro-c), 80 
structure, constancy, 80 
slijchniwzition, 232 ff 
RUppiC'sion of electrical octnilj', 238 
area iO, regno lotrosplenmlis itraDUlaris 
(Rose), 78 

aica 30, regio letroapleniahs agranulans, 78 
areas 31 and 32 
connections, commissural, 238 
commissiital hcterotopic, 238 
coitico-corticil, 232 
liomoiotopic, 237 

with other .ircas, 238 (lab), 239 -(tab) 
cortex intcra cning, hidden in sulcus, 80 
iinpiiUes, alTerent and efferent, 235 
in man, 232 
maps, 214, 215 

Maiiss's area 31 in monkey, 232 
no motor responses ni chimpanzee, 219 
strjelminisation, locil effects in monkey, 
232 

arei 3ft (Vogt'), belongs to \on Economo’s 
am rC, 72 

nre.i 33, iinpiil>es from area 47, 235 
,im 3'), in chimpanieo and nnn, relation 
to aie i 7 in inonkei, 231 
connections with othci areas, 238 (tab), 
239 (tib) 

imiiiil'cs, iifloient and clTerent, 233 
(cli irt), 235 

aiea 40, in cliiinp inzce and man, lehtion 
to iiirn 7 in nionkev, 234 
connection* with other area*, 238 (tab), 
239 (tib) 

iiui.iil-cs to aiei 4r, 233 (ilJiis), 23» 
act i* 41 and 42, connection* will) other 
ail i*. 238 (tab ) 
aiei boundirie*, lira 44, 32 
aipi 44 5, 33 51 (>Vr idui ,irra 6b aboie, 
niid am* 5G and 57, am I’CUni, 
liioc.i's area, hclinc ) 
iirraniilir (ortex, hi'tolouifil difference* 
bitwien, 57 

are i 3 not in toni ict w ith in man, 70 
are i 4 m rel ition to, 71 
iirei I’ll of the (out-, sinonriiion* 5. 18 
irfhiteciure. 53 


area 44 (continued) 

von Bonm encountered largest cells ever 
found m 56 
boundaries, 267 
anterior, 61, 68 

between area S, in macaque, no con- 
tact in man, 70 

between area C, infcnor prcienfril *ul- 
cus in man, 68 

anterior subccntril siilcii* m monkc \ 
and chimpanzee, 23, 32 68 
cell types in, 53 (illus), 55-56 
m chimpanzee, 25, 30 (illu* ), 213 
connections. 238 (t ib ) 
afferent, fiom aiea 10, 114 
from area 32, 114 
coinniissiiial heteiotopu', 237 
fiom thalamus, 121, 130 
cffcicnt, Arnold’s bundle, 287 
to bisil pangli i. 221 
m mternnl cap«ule, 221 
mtracortical association. 55 
«toarchitcctiirc, 30 (illus ), 33, 53-51, 467 
definition. 5 

dj'sgranular cortex, 19, 27. 33 
clcctiical actujtj, 57 
face field, restrictcil to, 35 
fibers. See connections, nboir 
function, 3, 208 
m Hapalc, 15 
homology, 27 

impulses (See aho connection*, obote ) 
afferent and efferent, 235 
layers internal granuhr, di'ieriiiblc, 53 
tlnckncs* m man, 35 
layer II, 54 
lijer m, 27. 33 
layer tun, 64 
layer uib, 56 
liyer III, 65 
layer III', 54 
layers IIIu, lllb IIIi, 51 
layer «i, 33, 55 
hycr tia.55, 58 
layer »o6, 65 
Uyer v.27. 33, 5'i-5C 
lijcrs ta and ib, 50 
layer ve, 60 
layer V. 53, 65-50 
1 lycr Va. 50 

liyer M) (ion I'tonomo ind 
Ko*kinjs}, 50 
liyer VI, 56 
in lemurs, IS 

lc*ion*. iipliasi i ami iiprixii fipccific to 
250 

ipraxi I from, 430 
Miiiptonis from, 415. 420 
location, 207 

in man. 33. 52 (ilIu* ). 70 
eldioralul into spevili vri i of Uron 
W'J 

myeJoirchiteiture 33 
precentrd dy-priniilar in i 33.407 
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Areas of cerebral cortex (conlinued) 
area ^ (.continued) 

size in macaque and man compared 70 
stimulation, results, 475 
stripe of Baillarner, stratification in 53 
stripe of Kacs-Bcchterew not well de- 
\ eloped in, 54 

structure, difference' in, as found b\ 
Stengel, 51 

meets requirement for Mib'trale of 
cortical field, 57 

ctrjchninization, local effects, 231 
ffiibdiMiion, areas and *7 27 31 
somatotopic, m monkex and 
chimpanzee, 213 
.'\nap«es. axodendritic, 6G 

relation of efferent pxramidd cell' in 
58 

syndromes. 415 
threshold. 220 

tumor underhini?, localized turowMiial 
sweating a 'jmptoni m, 419 
area 51 

\entral part of frontal suppre "or arc i 72 
nrei .{5 75 

frontal suppressoi area, 72 
of Vogts belong' to 'on ncononios irea 
FC, 72 

area 40, eye movements elicited from 337 
of Vogts belongs to ton Econoinos am 
FC, 72 

area 47 76. 77, 81. 219 (Sie abo «rc.i 13 
(Walker), above, and area FFA. 
orbitalis agTanulaits, b<(»u ) 
characteristics, 219 

connections, callosal or conin»'«‘Hal not 
jet mtestigaled 237 
interhemisplierical, 235 
with other area*, 238 (fab ). 239 (fab ) 
thalamic projection, 130 
functional connection' with precentral 
motor cortex, 9 
in llapale. 15 

impul'es, .afferent and efferent 235 
Kreht's fields <>1, 02, 63, 64 and 
66 probably belong to, 75 
lajers, in man, 33, 76 
in mammal' 78 

motor projection, little known. 221 
structure, 7G 

str> chninizafion. local effect. 232 ff 
thre'hold, 221 

of Vogts, belongs to ton tconomos arc.i 
FC. 72 

area 55 of Vogts belongs to \on nconorao' 
area FC. 72 I 

area 55a, nixeloaTcbUecture, 72 
area« o'? .ind 57 (^ogts), subditi'ion of 
area 44. 27, 51 

area FA of xon Economo and Ko-Lma*. 

o. 49. C9. 467 . , 

area FAy of \ on Economo and Koskma*. 
4. 35, 69, 467 

area FB. area 6 identical with. 51. 467 
«tnp of large cells in, 51 


area FC of ton Economo and Ko'kinas. 
9. 72. 337 
extent, 267 

Vogt' areas 4'. 40, 55, 36, and 4-5 cor- 
resiiond to. 72 

arci rciini of ton F>ononio and Koskims, 
5 51 

interior part a siippre««or area. 72 
no homologon among animal'. 71 
an I For of ton Economo and Ko«kma' 

74 

anlenoi pait a siiiipiessor area 75 
aiei FFj ot ron Economo ami Ko'kini' 
9 7G 

irei fiig of the ^’ogts, 35 
are.i LA 6et antenor limbic, belou 
.irr.v PA and atea PEy of ton Economo 
and Ko'kiniis Betz celB in man in, 17 
agininilir (Tkt nhu area 4, area 6, nboit ) 
between area' i and 4 m chimpanzee. 25 
in g dago lemur. 15 

antciioi liinbie 4 0, 78 (AVe nl$o area 24. 
above ) 

aiteiiai sti|>|iit. C2 (illii«) 


m area 47. 43 

of <lmn|UDzre. determined bt strtchninc 
method 261 (map) 
functional relation bettveen tanous 
cortical bind*, 271 (maji) 
extiTp.mon, Case 2, 361 
Cj*c 4. 373 
Co'P 5 391 
I’ I'C 6 392 

ij>-iljtcia( representation, 3S6 
ot nun 35 


i"OCi»f«on. cortico-jiontine ti ict* ari'O 
from. 142 

Brocas 51 53 (illu') (See also area 44, 
«6oi c ) 

anterior part belongs to frontal sup* 
Vitossoc area, 53 

‘denertation" on stimulating 51-53 
area 47 in lelation to, 76 
speech aiea in man, 269 
connections (5ec nUo under vj 

«pc«fc area^ ) 

afferent toitical. from same and oppo- 
site hemisphere, 114 

between areas in same eercbral hemi- 
spbere, 238 (tab ) 
cortical, 2ii 

iDtei-aieal, contral iteral, 239 (tab) 
honiolateral, 23S (tab) 
intra-areal, corlico-corticil, 231, 234 
cj toarehitectiire (See aho areas 4, 6. S, 

in nun, after Vogts and Foer'ter 261 
(map) 

in monkej, after Vogts. 266 (map-“> 
in relation to electrical recording. OS. 99 
xariations and similirities in. 467 
definition. 10 

dx 'granular. iSrc area 44, tibm e 
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Areas of cerebral cortex (continued) 
'‘extrapj’ramidal,” failure compensated by 
other extrapjramidal areas 416 
“face,” 35, 43, 69 

some representation of arm in, 3S6 
fibers, See connections under nainet of 
specific areas 

fissures m relation to. 61, 66 
frontal suppressor, 71 (See alio areas 8 
44a, 45 FCDm. FDF, ftbote, and 
Frontal eje field- ) 

anterioi part of Broc.i’s are.a belongs to, 
53 

dorsal part, aiea 8, 72 
frontal ete field corre-ponds to, 327 
functional connection with precentral 
motor cortex, 9 
lelation to Sihun fissure, 68 
frontalis intermedia, See FC, above 
fronto-opercularis in the cebus, 15 
function (See also under unmet of 
ipeci^c anas ) 
methods of studj mg, 461 
subdiii'ions in monkey, after Vogts, 266 
(maps) 

gigantoccllularis area 41 m man, 33 
mjeloarchitectwre Vogts, 36 
gigantopjramidalis (See aho area 47, 
aboie ) 

Brodinann’s definition of men } ns, 25 
m cebus. 15 

role in cnorco-nthetosis, 397 
“hond,” cxci'ion bj Penfield and Erick- 
eon, 483 

hoinoloKOiis, 68, 70 

infraridiata of Ho'C, Iirabie siippre^-or 
area. See legio inCraraduta, belou 
intermediate precentral, Ste area C abote 
lisers See under names of tpectfic areas 
•leg," 35 43, 114 
oxtiriution Ci-e 1, 481 
C'-n-e 4. 373 
Case 5, 391 
C.i-a? 6, 392 
Wal'he'a ca«e. 350 

ij'-iliteral and non— oni ilolopic repre- 
sentation in, 3S7 
in inonkoj , 470 

some repre-ontation of arm in, 3S6 
Ic-ion-, Set under »p< cific nnims of areas 
bmVnc sUpine— or, Jv e .mtvrrvyr Innbw, 




Uitll 


excitabiliti influence 
lion, lilT-lTO 
(xcitaloiy imd inhibili 


of t iPtilc elimiili- 


m plilvrtiime monkev-. 15 
of srn^orv corUx promit *e> putamen 
iml globiH pilliiiiH. 2-’l 222 (diag ) 
-iibcorlicil nuclei, relation to, \ii 


motorica simplex, See area 4a, oboic 
mjeloarclntectonie, in relation to cleetricil 
recording, 98 

occipital suppre—or, area JO, de-cription b\ 
Bubnod and Ileidenham, 205 
orbitalis agranuhris 76 
dectncal stimulation of, ic'piratorv 
arrest, 76 

functional connection with I'lccentral 
motor cortex, 4, 9 
lajers, cliaracteri-tic, 76, 78 
oibitali« d>'gi iniihrK, thalamic projection 
130 

parastnate (See aho aiea 18. nboie ) 
ba-al dendnte-, diop through liter I\ , 
100 

ifferent pjramidal cells in, 50 
in occipital region, 9 
peri'tnate. A'ce area 19, abote 
po-tccntral face, iti moukcj, strjchnme 
spikes fiom, 226 (oscillogram) 
postcentral tiipprc— or. Set area 2, nboir 
precentral supi>Te"OT. See area 4s, nboi e 
picniotor, 33 iSec aho area 0, nhoi e ) 

IQ choreo-athcfosis, 397 
le-ions, forced gra«ping occurs after 4t2 
procaine infiltration, did not rebel e 
tremor. 402 

pr02res«i«e differentiation, ii-o of symbols, 
69 

regio lofraradiata. 9, 78 SO 
(liiidcd from the retro-plennl formation 
b> wide expan-o of i-ocortex 78 
regio rctrO'plenialis, aprunuhris (llo>e), 
area 30 (Brodni inn), 78 
granulans (Rose), met dO (Bro'lmann), 


regio uni'triata euraiiiati gro-sofibrosi 
tile Vogts, 36 

Rolandic (central sector), defined by 
tliahmic radiations, 9 
eloctiical stimul ition in ni m, result-, 1 
350 (map) 

(unctions motor, 214 
sensor) . 214, 259 
nature, 214 

precentral, po-tceninl, .mil piriit.il S' 
sector- 9 

reprc-aintation, motor ind sen-on. 4 
(illus) 

-omatic, 261 (clwrt) 
areas ocerlap, 3oI 

soniatolopic subdni-ions, 200 tiiiij') 
thalamic connections 214 
scB-orimotor, functions. 25*1 
M-nsoo cortex (of Du— t r de li ir< nne). ; 

(map) 
s]>fs-eh, 74 

stnatc (.twc nhii .irt i 17. ahoie ) 

amj'liluile of ehclrit it rieorihng in. ’H 
bi-d dendrites of cells of Micmri 
oriented lioriremlalh . 100 
due r-c c>toirrliitecloiiie pitte rn in 
\l»uel cejrtex of cit, W 
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Areas of cerebral cortex (.contmuet!) 

»tnate (continued) 

fibers of optic radiation duide dichoto- 
mouslj in stria of Gennari, 95 
functional actnit^. 3 

'trjchnmizatioD (&e aho undtr names of 
specific orens ) 

to map distribution of axons of cell' 225 
subregio astriat.i ot the Vogts 36 
sulci in relation to 61. 66. 6S 
Mippre'sor. 7S 219 221. 2^ (See nlot arei 
2. arei 4'. .irca 8. irea 19 area 24 
nboie ) 

characteri'tics. 266 
"deneri.ition ’ phenomenon 52 
pro;ect to caiid ite nucleii' 221. 222 (dne ) 
topological relations TO 
frinsitional. between .ire.i i and >re.a 4 
chimp iniee. 25 
fvpica (Vogts). 36 

.Aricns Kwebs. C I . centril sulcus re'uJt 
of confluence of coronalis and ansflta. GO 
rchtion of sulci to cortical .iresis. 6" 

C D . XU 

clinical »^Eaptomatolo^t,^ of preccnlnd 
motor cortex. 409 

4rm (See also Extremities, Fingers) 
contmliternl. deMation in lesions of area /> 
417 

l'.i"i\e protraction of. effect of removal of 
precentral gtru<, 4780 
reco\erv following excision of precentral 
motor cortex, 3S7 

TCj^esentation in precentral g>T«' of 
monkev. 470 

in precentral motor cortex 340 
Arm’’ are i, A i u?ider Are i' of cerebral 
cortex 

Arnold a bundle. S<€ Tract. fronto-r>omine 
Arrlivxhniij, canluc. Stt Heart 
-Arteno'clerotic uarkinsoni'm. 449 
Arlenes (&< also Blood ies*el', V-i'CiiJar 
di'ca'es. Vein-) 

interior cerebril, blood -u|>|il* to pre- 
central motor cortex, 61 
occlusion, effects. 431. 432 
srmptoQis 434 

ci.UQsQmj.t^vn\l, to pceccutcxl motor cortev, 
61 

cerebral distribution 62 (illu') 
middle cerebral (S\l\iin) .xrei of fends i 
blood mainh into great an I'fomotic 
lein of Trolard, 61 

blood sujiph to precentral motor cortex. 

61 

brinche'. 62 

occlusion, effects. 431. 433 434 ' 

sjmptoms, C.i'es 3 and 4 435 
posterior cerebral, area of 62 lillU' ) 
of Rolandic fi'^ure, 63 
suppli of cerebral cortex. 62 (illus) 

Sjltian. Sec middle cerebral. aboK 
Association .are.is. Sec loirfcr .^roi- of cerebral | 
cortex 

A"Octatton fiber'. See Fib-ra 

A'fhema, with cerebelhr Ic'ion' in mnn, 290 


I Asthma related to emotional stress, 296 
Astiocxtoma of area 6 and upi'er portion ot 
area 4 Kennard-\ icts-Fulton cise, 417 431 
A'jnergx cerebellar, of cerebral origin 290 
Ataxja m ascociaiion nith Ic'ions of frontal 
lobe 416 

Fiaiier noted with frontal meningioma' 

416 

AtheroMtlerO'i', parkin'onisiii 449 

tieuior disappears with detelopincnt of 
cip'uKr hemiplegia, 450 
AthelO'is (bci aUo Chorco- itheto'i' ) 
exptnnienlal prcxluction. 273 
tre itment 

exiirp.ition aim .md leg .irei of pi'e- 
contral cortex, 391 392 
cortical 250 

of precentral gjiii'. 355 356 397 4S3 
Atrophv area' i and 0 in anuotiophic 
Iiteril soleiO'i' 427 
ceicbeihr. Sk Cciebellum 
muscular, m am\otro)'hu literal silcro-i' 
436 

from Ic'iOB', ot are v 4, 4U 4SS 
ot irc I 4y 3SS 
ul po'tcentral region 415 436 
of prccenfi.iJ motor cortex 3S2. 38“ 
3SS 436 

ot pxranudal tract 166. 167 494 
relation to spasticitt 271 
oli'o-ponio-ceieboJI ir s\-temic di'Ci'p, 

2S9 

AtsTis. M F first to ob'one effect ol 
cortical itiniulaiioti on blood ]iTr"UTe 
29S 

AulunoruK lunctiOD' 304 
alierutioos with function li n»ru)ii« ili* 
orders 296 

cerebral conical control 305 
clinical eMdenie 295 
exi>eriniemal ei idenre 297 
di'tufbances 446 
influence ot ptramidil tnet 171 
ol h\|iothitaniU' 293 
of preceatri) motor cortex. 295 
\oluntarx control ol 296 
Avertm. Sf( Ane'thesia 
• Awakeauut re.spon'e,’ 317 
Axis cylinder' sihiT iniprrgo ition of, 135 
Axodendritic sx nap'e. S< c S' n iji'C 
AxOD' 

arbonzation. in cerebral cortex 100 101 
effect on eieitrical respoa-e 94 
of Betz cells, origin and cour-e, 41 
direction predetermined, 4t 
elcctncal actuit', transtlion from 
dendrite-*. 96 

electncal record from a sxnaptic fieM not 
j-ssigoable to, 9S 

geniculo-calcarine. di'tnbution, 101 
honzontal in sub't-mce of cortex, 'tneh- 
nine spikes propagated through. 22.5 
226 

of mtcmnncial cell' form jiericelhilir ne-t- 
around pjTitnidal cell*. 42 
nene cell* with short axon* Sec Cell* 
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Axons (conUnued) 

plexus, of area 47, cells of Martinotti in, 37 
of afferent fibers of cerebral frontal 
cortex, 10 

distinguishing features, 101 
of inner stripe of Baillarger m Ia3'er vc 
of area 44, 56 

in layers tn and tn of area 4y, 39 
pyramidal cells m area 4Y m sjnapfic 
connections with, 44 
of paramidal cells, 100, 101 
single, fourteen ordeis of branching 
ob'!er\ed, 101 

size, in relation to electrical conduction, 92 
termination, limitations of studying bouton 
ilegeneration foi ti icing. 466n 
Axosoinatic sjnajjse, See S3nap3c 

Babinski, J, ceiebellum acts as biake, 290 
Babinski a sign, See under Reflexes 

BaII-EY, PtRCIVAL, Mil, XI, Ml 

anastomotic tern of Troliixl, cour«e, 61 
aiea 44, 5 

ditenal supply of cerebial cortex, 62 
(maps) 

cerebral sulci scheme, 29 
cytoarchitecture, precenfial motor cortex, 
of chimpanzee, 25 
of macaque, 17 

lelation of precentra! motor coitcx to 
ceiebclltim, 277 

respirator} nrrc«t bj elcctiical stimulation 
of area orbitali« agramiline, 76 
siipeiior prccentril sulcus as landmark for 
area 4s, 32 

table of direct function il rchtions between 
\nrious coitical binds of chimpinzec, 
271 

\eins of ccrcbnl coitcx, 63 (mit>s) 
Bullirger, stupe of, i'lc Snipe 
Bubiturates, See under Anesthesia 
Bard, L, conjugate dcAiation of e>es, 248 
IUrii P, afferent impul'Cs to jrrecentral 
cortex 45n 

demon-tr.ition of inlerhemi-pheiical con- 
nections, 236 

dr-cription and relation of placinj! and 
hojiping rcietion-, to j'iceeniril cortex. 
263 

OF, Barenxl, Sec Dii"Pi ile Birenne 
IUrtuolow , UoBLiiT electnciU stiinuUtion of 
huniin brim. 246, 313 
Bi'il dondritp"", iSi ( Dendrite^ 

B I'jl ginglu, iiITeicnt fibeis to, 221,222 
(dug ) 

connections with .ircj'- 4 nml (I, 116 
with eortbellir nuclei, 2S3 (illus ) 
fiber- from frontal cxe fields to, 33S, 
330 

function, 273 

iiuoliintcirv inOAcnients, rclition to 272 

lentifiihr nucleus connections «||)) .irei- 

4 and 116 
iiiipii!-es to an i 0, IIG 
origin of pjnmidil fibers from. 117, 466 
lentiiiilo-tli ihiiiK fibtr-, trriiumlion IIG 
preeentril motor lorlex, lelifion to. 273 


Basal ganglia (eonUnued) 
striatum, afferent fibers to piccentril motor 
coitex, 130 

collaterals fiom pyramidal fibers to, 156 
rela}ing impulses to, by cortico-thalimic 
fibers. 138, 139 

Basia pedimeuh Sec Cerebral peduncle 
Bastiak, H C, fliccid and so-called rigid 
parabsos, anilj-cs 250 
focal comiilsno .itt.ick-. chnic.il sUidv, 218 
Bcchtcrem, M aov. liutonoinic function of 
coitex, studv. 216 

stimulation of fiont.il eje fields in man 
effect, 328-329 

tegmental fiber degeneialion in cciebiil 
le-ion-, 144 

BeclitereH-Mend'I sign. See Reflexes, sign of 
Mdwlel-liecht tn ew 

Beck, E, need for improicd dn ision of 

coitex 70n 

BcnoR, C V, eicctrifil stumilition of biam 
in apea, 325 

fiontal eje fields, location m m\n, efferent 
fibers fiom, 338 
in monkey, location, 312, 313 
m orang, 321 (illus ) 

minute stimulattOD of coitcx eiokeil fineb 
diffoicntiited moAcinenta, 246 
Bclmior, aUciation after bihtcial tempoud 
lobecioniy. 303 

disoiders m aiiiyotiophic htciiil «clero«is, 
and after lesions of aiei 4 , 439 
Benda, C I', hypothesis regaidmg pitlio- 
genesiA of parkinsonism, 406, 407 
BcNFmcT. eentril sulcus leachcd Bybnn 
fissure, 59 

Bfrcfr, H. ictoiding jiotcntiils of centnl 
neriouA sy-tem, 85 

Berger rhythm. Sec Kloctroeriepliilogiam, 
alphi w ues 
Betz cells, S<e CelN 

ItiANCiit, li, abhtion expeuments in monkej, 

250 

effect of cxtirpUion of fionlil Jobe, 322 
BiPWGLi., I. A . stimul ition of eercbial coitex 
during ojiei ition, 246, 250 
BiFOL, A u-lorition of function after de- 
Atniclion of im 4 , 250 
BimoH. J, ntgitiie "fcedlMik" systim, 68 
Birth, Sec Inf lilt newborn 
Bi-riioFF, tliinl frontal conioliition a ^lle^llic 
human cluraiter, 71 
Bhddei, am 0 eoncirncd with 303 
fiimtion, sortu il eontiol, 300 
iiiralysis fioiu lesion- in bnlli jurinnlril 
lobult- Ci'c 7, 303 

irflcx actniti. cerebral eortex exi rri-es 
control oier, 391 

rcprc-cniution in ]ir(untral motor lorlix. 


Blindm-s •*>(< Hi nil inujii 1 
Blood tirciilition .irei f, ronrerned with. 303 
effect of tiwtiio-.iulonomic lonnection-, 2*18 
Blood pre-Mirr. ifTict of eorlical >liimil ilmn 


on. 298 

orbitd surfue roniernid with, 303 
I nlition of <lic(r<» nil pliilogr nil to a’is 
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Blood supply to precentral motoj cortex 61 
Blood ^c^sels (Sec oKo Arteries, L'jpilUn 
permeability , Veins ) 

(li<ca=o, S<c Vascular di'^a'C- 
pial, change in color and size after rorlical 
stimulation, 259 

BocHEFo>TtiNE, L T. cortical tocalizilioD of 
function bj electrical stimulation 215 
Bodj', hair, erection of. See Piloercction 
length and weight, coll tornton « ilciilated 
on basis of, 65 

localization of rciire-entatiot of \aiioU' 
parts in central ®ector. 202 (ih.art) 
Bodj of Lujs, See Nucleua of Lu\> 

Bok, S T, coined cxprcs'ion "locil dendritic 
field,” 38 

surface of cortical ganglion tell propoi- 
tional to nuclear \oliime. 6.5 
Boh's formula, 43n 

Boi-DREy, E, chart of niotoi -•‘qiiemc for 
cerebral hemi'pherc in mm 
electrical elimulation of humm tinbnl 
cortex, 71 313 

extirpation of preccntril motor coitex m 
man 355 

outline of areas giiing motoi .ind senMiix 
respon'cs in humm ccntul 'Citoi 350 
(map) 

somitic motor points obtained on stiiiiii* 
lition of human eeicbiai cortex. 31S 
(map) 

Bone deielopmcnt normil uitli pvraniidd 
Jc«ion« ID clump inzee, 16" 

Bomn. G tON, 1 III, XI xn 
architecture of precentral niotoi toilex aod 
some adjacent ureas, 7 
area orbitnhs .agraniihn-, 76 
Betz cell', measurement of lohmie of 
nuclei, 42, 43 
size, 41. 42, 43 

cell', nxerage size hirper in area 4/35 
in Broca's area, 53 (ilhi' ) 
tjpes, in areas 4Y and 4a, 37 
cerebral cortex, sulxliM'ion. neeil (oi itn* 
proxement, "On 
cciehral sulci scheme. 29 
cxtoarchitccturc, luea o( lumuin brain 
W 

ncocortcx of mic.ifjue 17 
precentral motor cortex m tbimpmiec. 
25 

direction of central sulcu', 20 
efferent pxTamKlal colls in para'trialc area, 
56 

on exeitatorj and inhibitory proce"CS 
yyithin motor centers of the brain, 

6. 173 

]a>er m of area 44 < diiidcd into two sub- 
strata, 54 

la>tT III in area 44, redefined, 55 
“leyel of orgauizition," 6-1 
micique’s area 4, yolimie 66 
mips, fiv-ur.il piltcm of brain of 
chimpanzee, 31 

fi'sural pattern of lateral side of cortex 
of macaque, 22 


I Bomx C yox iioutiiiufd) 
map' (contirinid) 

' pieeentral motor cortex of cebu'. 15. 16 
I ot chimpanzee 27 

I of galago lemur 13 

1 of niiciquo 17 

of man ii 

I jMcctutral '•Mppies'or 'trip in monkey, nar- 
I row band of cortex in man similar to, 

68 3SS 

rcgio infraradtat y diyided from the retro- 
-plenul formition bv isocorfex, 78 
relation of gray /cell coefficient to brain- 
I weight 64 66 (dug > 

I Rol indic indicc'. 23 

technique ot determining, 21 
I BoxMy J F contraction of single mu-tlea 
1 and cotnocT\ation of ojipo'ing muscles 
by stimulation 472 

IJoTKix. b. note on death of X A Biibnoff. 

I I75n 

I Bouton' de tollateral sjnap^e' 100 

Bouton tcrmmiux degeneration, limitations 
I for ti icing axon d tcrmin ition', 466n 

iiiniiBtl syniji'C' 100 
Bowel nioyemeof .V( Defreatjon. Sphinctci 
Boixton K P (hih'tii point 463n 476 ff 
outline drining', cciebn of fetal nutaqites 
I 476 

pieccntial gyui' 477 

Bi ichiiim conjiinctiy uni fihei' of, 130, 2S3, 

I 28$ 

I Br.»in {be I oho Area' of lerebi il cortex) 
Oj>rr.ifion' foi abolition of tremor, Mejers 
I and KIctninc ob'enatiOD' 402 

steiij. conniHiioU' of cerebcllai nuclei with, 
2S3 dllu' > 

fiiodainentd iiiechani'ni controllmg o)c 
moyemont', 309 
'tmmlition Set Siimuhtion 
I ti'sue. chemical compo'ition 255 

tumor of fomth \entriclp .I'-ociated with 
bilateral forced grj'ping 446 
I yyeight, correlition with gray/tell toefh- 
' cient, 65 66 (diag ) 

I Biancltiog. See Aibonzation 

Bremcr. F action currents from ,irea /} on 
stimulition of the lagu^ 76 
\ uyap^vecl eortyed ce'PQU'e to siw.UtQCV 
I stiniuli. 98 

BBoyDBbxT 'umniinzed Hiighitng' Jicksons 
I analysi' of cerebnl Ic'ion', 423 
I Bnocy. F, aphi'fi and apraxia, desciiption- 
I 250 

arcuate «wkw*, sillon courbe frontal, ' 22 
speech center of SI 
theories concerning area 4”» ’S 
third front yl conyolution a specific human 
character 71 

Broca’s area. See umlrr Areas of cerebral 
cortex 

( Bbodmxxx. K. area 4. gigantojij ramulali', 

I 35 

1 area 4/1 con'idercd pait of area C, 49 

I area fi, SI 
area 24. 9 

fir-t to recognize and name. 78 
area 44 >*rea 44'i. 51 
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BRODM\v^, K {con/i?ii/ecf) 
diea 47, 9 

considered to belong to “jnfrjfrontal” 
regron, 76 
theories, 78 

frontal eje field', cj to.ircliitectiue, 335 
heterot3’pical cortex of area deceloped 
out of a honiotjpicdl cortex, 43 
liomotjpicdl cortex, 37, 40 
iiu)>s, CJ tojrchitectiirj] subduision of 
cerebral cortex in monkey. 249 
disigreement with maps of xon Economo 
and Ko'kinas, and Vogts 336, 337 
lateral and medial surface of human 
cortex, 11 

imiltilaiiimar arrangement of Bet* cells in 
area 4 17 

numbering sjsteni applied to toHical map&, 
69 

ontogenesis of area 4y, 43 
lirccentidl motor cortex of nucaque, cj- 
toarehitecture, 335 
precentral region, 13 
luotesa of progressive diffeientiition of 
cortical areas, 69 

topographic il di-crepancies between bound- 
ary of niea i and ecntia! sitlcu', 68 
Brodmann’s areas, See Arens of cerebral 
cortex area 4, area 6, etc 
Brouwlr n. rc'caich on stinte irea of 
occipital lobe, 3 

Bkovv.v, Grviivm, “orientation of optical axes 
reflex’’ 319 

varnbililj of corticil rc«pon>e, 247 
lliBVOFF, N A biogiaphica! dita, I75n 
cortical localization of function bj elec- 
trical stimuhtion, 245 
on cxcititory and inlubitorj proce«se» 
within the motor centers of the 
brain. 173 

method of experiments u-ed by, 177 
plijsiologj of precentral cortex, 6 
variability of excitable cortical foci, 217 
Ulchvxav. D N , quoted on atheloid move- 
ments cfTectcil bv area Cda, 398 
removal of precentral legion abolished 
athctO'i', 397 
IkCY, P C. MU. XU 
area in in man, demon-tr ition, SOn, 3S8 
athotoid movements cfTcctc*! bj area 6aa, 


Va-c 1, cxci'ion of "leg" iiTCa, 358. 483 
Ca-e 2 cxci'ion of “arm ’ area, 361 
Ca«e 3. cxci'ion of “arm" area 366 
C I'c 4. cxci'ion of "arm ' and "leK ’ areas, 


Ca'i 


3 extirpation of ".irm" and ‘leg” 
- 391 


n of. 


>w..rii ‘lilcu', coiir'c, 23 
clioreo-itheto'i', neural ni 
-clietiii 401 

rentoviil of preerntr il region abnli'hrsl.SIT 
corlKo-mgro-p illido-tli il iiiio-iort cal iir- 


uilt. 112 


Bucy, P C {continued) 
effect of extirpation of piccentral motor 
coitex. 353 
introduction, 1 

effects of stimulation of area 6, 267 
relation of precentral motor cortex to ab- 
normal involuntary movements, 395 
tremor, intention, schema showing neural 
mechanism of. 403 

parkinsonun, schema showing jnobible 
neural niecham-m. 406 
Bush cells, See Cells, double bii'h cell' 

I C. E S. (central excitators state), 247 
I C I S (central mhibitorv state), 247 
' Cajal, S Ramon y, axon of Betz cells, 41 
cell of Betz in Glogt preparations, 39 
horizontal cells in area iy, 37 
laminar pattern of area 4y, 36 
layer tu corresponds to lajei IIIB of von 
Economo and Koekmis in area ',y, 38 
layer w corresponds to later IIIC and III 
(IV) of von Economo and Ko'kmas in 
area iy, 35 
lajci vii, 43 

mjcloarchifccture of area 47 of m in, 33, 31 
37 (illiis ) 

pericellular nests around Betz (ells. 42 
(illus ) 

stratification of precentral motor cortex, 103 
stripe of Gcnnan 39. 40 
thalamo-corticHl fibers and their plcxu'cs m 
motor cortex, 39 
Calcarine sulcus. See Sulcus 
Callilhrix, See Monky, ccrcopitheciis 
Callosal connections, See under spccifir anoi 
Callosal convolution. Sec Gyni*, tingular 
Callosal fibers. See Fibers 
Callosomarginai artery, Sec Arteries 
Callosomargmal sulcus, Sec Sulcus, cingiilir 
Camobfcl, a W, 

area 47, called precentral or motor area 35 
mycioarchitccturc. quoted, 35'S6 
area 34 not recognized, 78 
area orbitalis agraniilans as part of the 
“intermediate’ precentrii cortex, 76 
Betz cells, number in human brain, 41 
cjtovrchitectvvre of frontal eve fields, 33'> 
mips, lortcx of ehimpaniee, 2t 

lateral surface of hum in cercbril torlex, 
10. 32. 33 

CifwUvcb \»j«u«Aliilvty vnareA-jevl x.vtlv Iwwvt- 
plegia (cA'e rejvort). 297 
Capsula externa ire Extern il t ip'ulc 
Cipsuli mlemi Sic Inttinal cip-iile 
Canine arrhvthmi.i, .Su undir Heart 
Cat. cell size in rel ition to size of 1!( tz cells, 
65 

electrical rc<onl<, from central optic pifli- 
waj. 95 

of imeir tracts of the (tnlral nervous 
sj'tem, 90 

CatMthme monkevs. .qre Motvkex 
('atatonii, ellcst of irtifiuillv prodiim) ion- 
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C.imi.ite miclciii, Sii Nuricii' I 

Ccblli^. See Monkev i 

Cell- (none) ' 

with short a\oD', .irborii.ition of. 101 102 

) 

cortical electrical circuits 101 
clniiled into two tjpes 101 
relation to electrical record 105 
Msiial cortex of rabbit, 102 
Betz cel!' (S<» al'O Areas of cerebral cortex 
area 4. Betz cell' ) 

ID nloiiatta 15 | 

in amvQtrophic literal 'clero'i' 412 427 
42S 

a(ncal dendrites, coiiC'C in arei 47 40 
in area 4'*- ab'cnt, 4 49 
m are i 47. 33 36 66, 67 
course of ajneal dendrites. 40 
1 1\ er i 40 

in areas BA and PEy of ion Econoiuo 
and Ko'kinis in man 17 

xx'nx'pse:* <s'a tj-wmbex 4^ ^ v 

bi'il dendrite' branching 40 
in tlumpanzce 27 
in ehorco'atheto'i*, 397 
ilifferent corlicil depths. 90 
electricil rccordinsr 110 
fibers corticifuiral, ari'e from 13 
in foc.il coniul'ion' produceil bx sfimii- 
Iition of iTccenfra! motor toftex 411 ^ 

m leg held. 35 i 

m lemur 15 

m mvcariue not rc'tTutcd to area 4 17 
'ize. number 25 66, 67 
iti titan, 41. GO 67 

in monkex. size number, aifamreiiient 
17. 25 66 67 r 

iiuiltikunmar arrangement 17 1 

nui'culatiire. skeletal control. 171 431 
ID nonbora mo'i adt anced of all cell*. 43 > 
nuclei loluiiie 42 43 
number in area 4 in mic.iq«e. 17. 66. 67 
in area 47 m man. 66 67 
in huunn brain. 41 428 j 

m precentral subsector 17 ' 

j>encrlIuHr "ncsts” surround. 41. 42 I 

(llIU' ) 

m po'tcentral sub-ector in chimpiazce, 
none ob'cned 25 

in precentral motor cortex, ii (illtis) 
chiracteri'tic'. 103 
of gahsro lemur. 15 

purposixe or xoUinl.irx moxenient' not ' 
es'entnl for perform inec of, 356 I 

pvrinsidal tract, relation to. 146 151 171, I 
251 I 

single cell of. 39 (lUus ) . 40 I 

size. 41. 42. 65 | 

in area 4 m monkev. 25 
increase, during ei olution, 66 j 

stripe of Bull irger. axodcndnlie and axo- | 
'omitic '\ni)"es with. 40 41 , 

'iirfacc arc-i. 43 

sj-niptie fields on pcrikirja of, hetrr- . 
ogencoii'. 41 ' 


C’ell' (neiie) iconlinual) 
den'itx, decreases from monkei to man, 64 
prax/celi coefficient. 43 61 ff 
influences establi'hment of rexerberating 
circuits, 58 

in macaque and mm compared 66 
ID relation to sjnaptic field'. 58 
rekitiie in cortex of rodent* 64 
double bush in Kxer iii in area 47, 38 
in laxei i m area 47 41 
effeteiu. A'ce pxTaniidaf cell', hefote 
fu'iform in later ti of area .^Y. 43 
ganglion cortical surface proportional to 
Its nuclear i oliime. 65 
Xis'I reaction difficult to detect. 136 
Ni'sl sub'tance in chrom itolx sis of, 135 
giant ’ in later III of aiea 44, 54 
grat/cell coefficient 43. 64 65. 66 Idiag ) 
horizontal, of Cajal. m area 47. 37 
mtemuncial actnitt source of efferent im- 
pulse 43 

axons form v^ticslluhir nests .irountl 
ptramtdal cells. 42 
rn later «i of area 44 54 
111 bter no of area 44, 55 
ID later i of CajaJ id area 47, fO 
of Martmotti in area 47. 37 
in lower strata of are,t 44 55 
ot Metnerf sobtart ba'jl dendrites on- 
ente<l horizont.ill.t m area strata, 100 
m M'Ual cortex 13 

number in cortex relation to intelligence, 64 
of precentral rooter cortex 161 (illu«) 
ptraoiidal ccH* 

apical dendrite', rel ition to stripe of 
Baillarger 45 

apual shaft' different cortical depths in 
relation to length of. 99 
ID area 47. preponder itice, 44 
in urea 44, differ in stnipiie relation 
from those in area 4V 59 
axodendritic sxmp'Cs between outer 
«tnpe of Baill irger and 56 
axoos. arborizing direct articulation with 
103 

collateral' 100. 101 
tertiedh de'cending and a'cending. 100 
Uwl dendrites, branching m area 44 , 56 
m Inter m of Cajal m .area 47. 38 
ID later iitb of .niea 44 send branches 111 
stripe of BaiU vrger. 54 
cltanging m.inife't.ition from field to 
field 100 

electrical actiMi>. e-tablishing cortical 


circuits of, 101 
in frontal supprc'sor urea, 72 
ginol” cells in hjer III and IV of area 

44 . 64 

gigantic, in jiO'lcentral gjTiis and area G, 
259 

huge, di'charge of. dejiendcnt on “back- 
ground ’ actii itt 5S 
in liter If. of area 47. 3S 
of area 44. 54 

in liter' 111 and IV of am 47. 38 


of area 4i. huge, 51 
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Cells (nene) (.continued) 

P3ramidal cells (conlimied) 
in layer itn, of area ^5 of macaque, 19 
of area 4i, huge, 51 
m lajer ivb of area 4ii I'lrge, 55 
layer of, below las’er IV, 55 
m lajer v, apical dendrite relation to 
stripe of Baillarger, 45 
of area 4y, 40 
in lajer vb, 41 . 

efferent fibers originate in, 56 
in laj’cr V of area 44, neatlike formation, 
65 

in laj’er VI of area 4'/, 43 
in laj ers of area 8, 75 
sjnaptic connection, with axons in many 
layers in area 41', 44 
of single cortical cells complex, 102 
tangential layers influence, 44 
topographic aones, 44 
lerticillv descending axons, extensile m* 
tidcortical arborisation 100 
icrticiliy oriented, lelation to clcctnciii 
recoid of cerebral cortex. 105 
ictropadc degenention, See Retrograde 
cell degeneration 
'ingle, synaptic acfnatiou of, 97 
size, in area 4V, 

Betz cell', relation to, C6 
large, fators establishment of reverber- 
ating GircMits, 58 
sjniptic fields, relation fo, 58 
spider, m layer t> of arc.i 47, 41 
star, in Kver xva in aica 44, 5S 
ferntorj, change from animal to animal de- 
pends on body length or weight, 65 
volume, See also den-itj and size, abotc 
giaj/ccll coefficient, 64 ff 
nuclear volume, 42, 43 
surface area proportion il to niicleai 
V olume, 65 

Central cxcitntory state, 247 
Central fi>siire See Siilcii', ccntial 
Cenlnl inhibition Sei Inhibition 
Central inhibitorj’ «fate, 247 
Centra! motor apparatus pxcilabilitj of, 
wanes with nartO'*!', 183 
Central nrr\ou> sj-teni, S(< Nervous sv'teiii 
Cvntril procp«'e» in motor excit ition, 206 
Central sector, Sec Areas ol cerebral cortex 
Rol indic 

cortex of, S<c Sen-orv cortex of Dii"cr do 
li Vienne 

Central stimiil ilion, inhibition of cortic.il ex- 
citation bv , 202, 203 
Ccntril 'ulcus Sic Sulcu« 

Cercoccbiis, Sic Monkcj' 

C'orcopiihccii-' See Monkey* 

C’crebell ir pitliw.iv*, di'tniction -eems to 
re-iilt in flaccid )>irilvi'. 430 
C'erebellir peduncle, -iii'inor, bre Brichium 
conjiinctivimi 

Cl rrbcllo-errcbr il conni cfioo'. .S'l e Fibor- 
C< rebi l!o-(lenl ito-riibro-(h il iniic fiber, .Si< 
I'lber- 


Cerebello-rubro'thalamo-cortical fibers. See 
Fibers 

Cerebello-thaLinuc fibers. See Thalamus 
Cercbello-thalamo-cortiea! pathway, See 
Thalamu*, connections 
Cerebellum, acting as brake, first 'Uggc'tui 
by Babinoki, 290 
archicercbellum, 280 
connection with vestibular system and 
equilibration, 291 

atrophy, crossed, from cerebral lesion*, 286 
of rM nucleus and inferior olives a^-o- 
ciated v»ith. 289 

connections (See also under specific partt ) 
with areas 4 and 6, 116 
with cerebral cortex, electrical studies 
284, 285 

with inferior olive, 288 
with pons, 280. 287 

with piccentral cortex, 116, 131, 279, 283 
to v'entrolatcral nucleus of thi!amu> to 
precentral motor coitex, 131 
torfex. connections, with cerebcllai niiciri, 
281 282 

with tectil nuclei. 281, 232 
pontine micict send fibers to ecrebctlir 
cortex. 280 

tortiio-nuclear projeition of 281 
ciilmen. fibers to central nuclei, 282 
electrical stimiii.ition See stimulation, 
hcfoir 

exci'ion. See Deieicbellation 
frontal lobes, cerebellir signs from iJi'ei«e 
of. 274, 416 

function m relvtion to precentral motor 
cortex. 289, 290 

hemi'phcre, anatomical connections with 
motor area, 279 

impulses, relayed prim inly to urea 4. HC 
tnal.imo-cortieal projection 283 
influence on cerebral cortex m miintaming 
tone of motor 'ysfem 131 
Ic'ions, symptom', 290 
lobutus ansiform)', connection*. 282 
lobuliis paraflocciifu', projects to dentiti 
niiclcii*. 2S2 

lobiilus pxrameiii inii*, fiber* to homol iteral 
intcmiediate nucleu*, 282 
Miuliis quidraugul iri', fiheex to ceatr.il 
nuclei, 282 

ncoceirliellum, 280 282 
afferent inncrv.ition. 401 
atrophv with iitro[>h\ of inferior olive*. 
2S9 

influences vohinlvrv iiiotion, 289 
le*ion«. cfTcct* in in in. 21X) 
nuclei, connection*, 281, 282, 283 (ilhi* ),2S9 
pdeoccrebellum. 280 

connected with spinil cord and pu'lund 
reflexe*, 291 

j>hylm?enetic dev eloi'iiient, 279 
liediinrle, fve IJrui'bium lonjiinitivuiii 
I^eienlril motor cortex relation to. 273 
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Cerebelium {continued) 
stinuilalion, electrical, 

of areas 4, 4s, 6, S, and postcentral g}Tu» 
eioked potentials m, 2S4 
lowers threshold of cerebral motor cortex. 
2S5 

of pontine nucleus c\ oked potentials in 
2S5 

produces clonus and epilepsj% 2S5 
.'Ubdn I'lons, 2S0, 2S1 (illu' ) 
tremor, affected by ablations in precentral I 
motor cortex, 274 [ 

relation to precentral motor cortex, 2S6 
u\ula connections with central nucleus, 282 1 
Cerebral arteries See Arteries 
Cerebral cortex {See also Cortical, Cortico-) 
aetnated element^, ‘modulation” of fre- 
quency in, 93 

actuation, 101-102. 103, 105 
actiMty (See aho electrical actnitj and 
motor actnity, belov) 
effect of peripheral stimuhtion on 20S 
increases nith ascent m animal scale, 251 
inhibition, See inhibition, bcloie 
telatwa to arbotuation of afferent corti- 
cal fibers, 101 
of alouatta, 15 

ktiatomical structure ph.\ logenetic diffei- 
ence. 259 
of apes. 324 

arcliitecture of interpreted in terms of col- 
lateral of p^Tamidal cell a\on«, 100 
arterial siipplv, 62 (lilu^ ) 

Autonomic function, 216 
nature of control, 293 305 
autonomic mterrelatioos, expenmeatal eii- 
dence, 297 

autonomic system, adiancc in knouledee. 
304 

controlled by, 295 
axonal arborization®, 100, 101 
axonal plc\u«. Sec Axons 
blood snpplv, See Arlenes, Veins 
of cebu«. 15 

cerebellar a53-ne^' originating tn. 290 
cerebelluro. influence of in maintaining tone 
of motor system. 
chemical change®, 253 

circulatory distuibancct, abolished moae- 
ments produced iia extrapj'tamidil 
fibers from precentral motor cortex, -ISO 
connections (Stc also Fiber®, coilico-) 
afferent, 114 

callosal and comrai-sural, xcrtical dia- 
tiibution. 101 

from cerebellar nuclei, 2S3 (illua) 
from cerebellum, 131 
electrical studies, 2^ 
relation to electrical actiMt.v, 105 
from thalamu®, 139. 2S3 
to atex 6. 129 fillu- ) 
in monkcj and clump.inzee, 2S1, 2S5 
(diag ) 

with cerebelluni 279 
electrical studies. 2S4 
efferent, to thxlarauj, 139 
estrapx-ramidal, 135 


Cerebral cortex {continued) 
connections (continued) 
hjiiothalamic. 304 

intracortical. of cortical band- in thini- 
panree. 271 (tab ) 
relation to electrical actiiity, 105 
lanations and similarities in, 467 
piramidal fibers originating in cortex, 
151, 152, 155 
with red nucleus. 2S8 
with thalamic nuclei, 138. 2S4 (diag ) 
control of autonomic sj'stem 295, 297, 305 
of bladder, 300, 394 

of di'crete mot ement. function of p> ram- 
i<lal tract. 161 
of e>e motements, 310 
in subhuman primates 310 
of mot ement. 162 
of piloerection, 300 
of re®pirator>‘ motements 301 
of subcortical mechani-m for cte mote- 
ments. 309 
of sweating 299 

eomexitt. motor re«pon'Ce from 219 
contuUioa® point of origin m 195 

Bubnoff and Heidcnham fhcort 206 
ID rehtioD to. 191 195 
ct toarchitectural subdu isicin maps 
ID chimpanzee, 24 
in man, 10. 11. 12 264 
lo monket 249 266 
destruction (Sec al%o exci-ion. bilou) 
tj«omotor changes and edema resulting 
(tom, 293 

drugs, effects 255 {See also Anesthc'ia ) 
electrical actn ity, 83, 85 
pathways concerned in. 221 222 (diag ) 
relation to intra-corticil connection, 103 
spontaneous and induced, 85 107 
spontaneous fluctuations. 105 
suppres-ion bv stimuhtion of area .^s, 257 
electrical circuits, elements mterrehted to 

cstabli'b, 101 

electrical excitability See excitability 
below 

electrical method® of studying. 236 
electrical potenfitils, induced b\ nitural 
stimulation of sen-e organ* 85 
induced by peripheral stimulation, 107 
interpretation, 9S 

nleaJ^u^lng in stiidv of thalamic function 
272 

electrical recording. Lorente de Xos ba-ic 
phn of dn idmg cortex based on. 99 
respoa-es from area 6 lo area 4 mediated 
transcortically , 154 

electrical stimulation. See stimulation, 
below 

eleclrocorticDgrim, Sec under Electro- 
encephalogram 

exci'ion {Sec also Decortication ) 
effects m man 353 if. 
epilep-y and athetosi-, treated by. 250 
experiments, 250 

gastrointestinal tract, effect on. 297 
of nght hemisphere, effect, 3S5 ff 
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Cert'bral cortex (conlmiicd) 
excitabilitj, 192 {See aho rtiniulatioD, 
t>e!ou! > 

cheinicil changes, effect, 2SS 
chlorj-l hydrate decreases, 192 
electrical, m man, 343 ff 
anesthetic agent for, 346 
Poerster’s research on, 3 
in monkex , Schafer and Horsley’s map, 
3II, 312 

relation to precentral gyrus and to 
areas 4 and 6, 473 

of gra> matter and nhite matter, 192 
morphine, effect, 176, 181, 2D9 (&c aho 
Anesthesia ) 

peripheral stimulation effect, 190, 191, 
197, 198, 199. 208, 210 
repeated stimulation, rapidly altered by, 
183 

somatic motor function, relation to, 256 
tactile stimuli, effect, 196, 198 (graph) 
excitation, 201 (illus ) 
inhibited, by central stimulation, 202. 203 
by peripheral sen-^ory stimuli. 190, 199, 
200, 201 

Shcirington quoted on, 247 
siibininimal 197 
extirpation, See exci'ion, aboie 
cxtrapyramsdal action may bo employed 
i oluntarily, 163 

oxtiapviatuidil movements abolished by 
circulatory didurbances, 4S0 
field', concept of, 57 

in fl iccid hemiplegia inv olv ement, 431, 432 
focal points m, defining, 247 
function (Sec aho actiiio, autonomic, 
contiol, above, een«orj, belou, elc) 
correlation to structure, 252 
curlier reviews, 253 
phjlogcnetic difference, 259 
'omatic, prc'cnt knowledcc, 253 
studies alter local destruction by thermo* 
coagulation fieczing, etc, 254 
vitamin deficiencj, effect, 255 
pinglion cell, surface proportional to 
nuclear volume, 65 
of Hapalr. 15 

hcfcrotjpic il and homot>pifal, diffcrcntt- 
ated, 40 

hv (Irogen ion concentr ifion, 255. 258 
mluhUioti, 20S. 209 (tllus ) 

bv contr il sliniiil ition, 203, 203 
depends on infcn'itj of «tiiouJition 204,206 
bv electric il stiimil ition, 20t 
by peripheial stimul it ion, 199,200,201, 209 
m'tibililv of cortical point, 160 
iP'il iler il repre'cnt itioti, 357. 38 1 ff . 493 
io'ion' crO"e<l cpTibellvr alropb> ciW'etl, 
2SC 

cxttvp>ramidd, Uo-'Cihiuo and Mendcl- 
IJechterevv 'igR' with, 43G 
fiiciici piriiv'is and aplu'ii c.iU'od, 431 
recoverv of function after iti/iirc.274 
re'iilliHL' from occlii'ion of crrcbnl ar- 
terie' and raii'ing Hifcn) ]>iri)v»i4 
432. 433 43 1 

'Vm temperaliue, divnge in I'tobibU 
I'nmirj, 290 


Cerebral coitex {continued) 

“level of organization," relation to cell 
density. 64 

maps, 10, 11 12. 32, 33, 70 (See aho Maps ) 
chimpanzee, 24 

cytoarehitectural areas in man, aftei 
Vogts and Foerster, 264 
lateral surface, 10, 11, 12, 32, 33, 70 
man, ii 

Vogts’, on basis of monkey's cortex, 
345 

medial surface, 11, 12, 32-33, 70 
monkey. 219, 266 
orang, 26 

results of stimulation in monkey, 266 
metabolism, 255 
in monkey, area 8, 266 (map) 
motor activity, areas 4 and 6 in, iwpoi- 
tance, 252 

first function to be drtcoveicd, 245 
functional oiganization, 274 
m relation to. 206 

motor centers, excitatory .ind iniiibitoiy 
processes jn, 175 

movement control orgmircd in ceiebial 
cortex Hughlings Jackson concept, 159 
oigamzation, of fibers fiom thalimus, 115 
vvithm normal hcmi«pheie, rclition to re- 
covery, 275 

idiylogenetic difference in stiucluro and 
function, 259 

phylogenetic factors in importance of, 251 
picccntral motor cortex only region with 
important skeletal imi«cu!ar control, 381 
piecentral region a? soiiico of pyramidil 
tract, 135 

in primates, importance, 383 
reaction time, on appearance of rc'ponHt 
from stimuhtmg cortex, 182 
Frinek and Pitrcs cxpcrvmonts, 181 
rocoveo’ of function after inpiry, 271 
removal of. Sec exci'ion and decortication, 
abate 

represent ition, anterior extremity, leaiilts 
of oxtieriments 181 
itKilatei il. 357 384, 493 
re'pon-'C, v.anabilit.v due to facilitation or 
deviation. 247 

letiocrade coll degencrttion .iftor lionii- 
seclion of spind cord 146 
'CD'Otj functions of 'cti'Oimiotor .iiia or 
tenlial serfor, 259 
shivering in lehtion to. 300 
deep, ch.mges during, 303 
stimulation (•'v» (t/ao exc it ibilitv , nhoit ) 
ancsthctus in relation to, 253, 251 {S<i 
also Anestho'i i ) 

Mood pTC"ViTC, effect on. 298 
cjU'C of period of lilcntv in rc'iKiiHt to, 
I8t 

ihmgri prodiurd, 3(6, 317 
in ihimpinree, niip'. 218. 326 
(onviiHona prorltucd b\, nilure, 191 
origin and 'preid. 1D6 
lorllci) activitv mhibilrd. 201 

ofcorticd iwiint< imd-rlv mg v» lutt m ilii i. 

HcTinaTinV ob-erv .iiion'. 170 
fjvjlitatiun and cuiiini ition, ISI 
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Cerebral corte\ (conitnucd) 
stimulation (continued) 
factors mflitencmg results, 46S 
in fetal macaque', results 475. 476 (map) 
of gra\ and white matter, effect 209 
kidnej and limb %QKime alterations, 299 
in man. 246. 345 ff 
anC'thetic for 346 

moi ements resultinir from. 159 245, 330 
(map), 331 (nup) 
in monkej results, 266 (mapf) 
motetnents can be elicited before the% 
occur spont.ineoush, 478 
muscular contraction effect on, 160 
in newborn infants, no re.ution 193 
in orang, result*. 325 (map) 
pupils alter in sue, 209 
of pjTamidal tract, in studj of function, 
161, 162 

reaction time Irom 187-189 
of same point elicits e\citition or in- 
hibition dependmi: on intcD'itj of 
current, 204 200 

sicc-wa\e current in. advant.ige' 472 
surface of brain pruiianly affected. 191 
193, 206 

tariatioQ in respon«e. 236. 25" 
stomach motilitv in rcUtion to, 298 
stratification, 78 

stratum siibcallo'um. pathway of fibers to 
caudate nucleus. 137 

structure, relation to electrical record. 105 [ 
strj chninization Sie Stnchniniz-ition 
thermocoagulation of deeper Uters. Craig 
Goodwin method, 22" I 

effect on trjn*mts'ion of sir^ilmme 

spikes, 229 ' 

thickness, m area iy 33 | 

in area 8, 72 I 

relation to amplitude of alpha wares id , 
electroencephalogram, 109, 110 
tone of motor sjstem mamtamed b>, in- ' 

fluence of cerebellum, 131 I 

reins, 63 (illiis ) I 

rolume, gtay/cell coefficient, 64 
Cerebral gray matter. See Gra> matter | 

Cerebral hemispheres, connedioos between 
areas in s.rme hemisphere, 23S (tab ) 
erci'ton of one, abilitr to walk after. 3S5, 
3S6 

Dandj’s c.ises 3S6 
G.ardner's case. 3S5 
Rowe’s case, 3S6 
motor sequence for. 262 (chart) 

Cerebral peduncle, cortico-pontme tract in, 
142 

fibers, from area* 4, 4^. G, S, and prefrontal 
areas, 13S 
from are.a G in 142 

from .area S m med-al part, end m sub- 
stantia nicra .and tegmentuni, 339 
arrangement. 140. 142, 143 
extrapiTanudal dilution of pyramidal 
fibers bv. 156 

from frontal ere field' located lu medul 
part. 33S 

Digro-pallidal. 141-142 
pyramidal, 147 


'tjtistics on precentral sulci being united 
or separate 60 

Children, signs of neurological disease dis- 
tinctirc ID. 412 
Chimpanzee, 
area 4. 28 (illus) 

consists of two di'tinct bands in, 69 
.irea 4<i and 4^, comparable to area 4y and 
4<i ID man, 213 

cortico-corticai connections between, 217 
area 45 , 29 (illus ) 

area* 6 and 44, anterior boundarr, 68 
area 44 , cydoarchitecture, 30 (illus ) 
areas, boundane* m relation to central 
sulcus 65 

of sensorr and adjacent cortex ba'ed 
OB physiological neuronogtxphr . 233 
(map) 

■ arm’’ are.i. r anous regions in, determined 
by strychnine method, 2Cl (nup) 
subdiri'ion, direct functional relation-, 
between r.-irious cortical binds of 
271 (tab) 

•Becky.” sketches of brain to show frontal 
extirpation, 122 
bram rreight, P5, 66 (diag) 
cell sue, relation to size of Betz cell'. 65 
cerebral cortex, 24 (map) 

electrical stimulation, result', 218 (map). 
326 (map) 

lateral and medial surface', 469 (map) 
comexitv of hemisphere, 237 (map) 
fi'sural pattern. 27, 31 (map) 
frontal eye fields. 326 (mip) 
electrical stimulation. 326 
result? of remoi al. 32S 
gray/cell coefficient, in relation to brain 
weight, 65. 66 (dug ) 

motor responses from cortical stimulation, 
218 (map) 


Cerebral white matter. See White matter 
Cerebro-cerebellar connections, See Fibers 
Cerebrum, See Brain 

Chaffee, E L, ‘remote’ stimulation of 
motor cortex bi buried ’ electrodes. 256 
Chala*is 474, 476. 479 (See also Inhibition ) 
term used by Hines and Boynton. 463n. 476 
Cu\NC. CHU^, fissural pattern of human 
brain, 59 

Statistics on precentral sulci being united or 
separate, 60 

CiUNC, H T , responses of eight mU'cles of 
ankle joint, 471 
Character. Sec Personality 
I Chiroot. Je.i> M , ob«er\ed disappearance of 
Betz cell? from area 4 m amyotrophic 
. lateral sclerosi*, 427 
I Chemical changes, of cortex, 255 
effect on excitabiliti , 25S 
I Chemical composition of brain tissue. 255 
I Chemical destruction 0 / cerebral cortex, effect 
on function. 254 

I Chewing, fibers to substantia nigra from 
cortical area, 141 

indi'crimmate, after destruction of frontal 
lobe. 322 

Cm. T K . fisBur.il pattern of human brain 
59 
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Chimpanzee (conUnued) 
precentral gS’rus. results of stsmulation, 469 
(map) 

precentral motor cortex, 27 (map), 214 
boundaries, 32 
cj toarchitecture, 25 

projections to corpus striatum, 222 (map) 
P3raniidal lesion m, effect, 165 
representation of face, arm, and leg m 
thalamus, 120 
Rolandic indices, 23 

“Suzanne,’’ extent of cortical lesions, 126 
photomicrographs, of paracentral region. 
127 

of senal sections of left Ihalamns, 128 
tlialamo cortical connections, 285 (diag) 
thalamus, fibers to area 6 more numerous 
m, 125, 126 (map) 

uith site of retrograde cell degeneration, 
repre-ontative serial sections, 
sketches, 123, 128 

Chloral hjdrate (See aho Anesthesia ) 

\alue as fixatiic agent, 466n 
Chloralo'C, S<e Anesthesia 
Choline, See Acetylcholine 
Cholinergic drug®, effect on cerebral cortical 
function, 255 

fctimuldtion by, relation to recovery after 
injury of cortical tiS'Ue, 274 
Chohnc'teraso, effect on cortical excitability, 
258 

Chordotomy, See Spina! cord 
Choicn (See nlso Choreo-atheto*u>) 

<irea« 4, 0, and 8 may be iniolved lo. 452 
Huntington's, areas 4 and G largely respon- 
sible for mo\cment5 of, 453 
cy toarchitecture of areas 4 and 6 in. 438 
(illus ) 

impairment of skilled moxenicnl®, 437, 
438, 439 

luthogone-is of imolunlary moxemenls in. 
452 

Ciiorco-.iihetO'is, 
mechanism 401 (dug) 
area® 4 and G largely ropon-iblc for 
moxcRients, 452 

Kinnier IVil-on’s theory, 397, 452 
role of precentral motor cortex, 399 
pathology . 40'! 

de'tructiyo lesion® of eaiidite niicleii* ind 
piitamcQ in 403 
sui'pre"Or iiicclnni®ni and, 403 
trcitiuent. .inteiior chordotomy, loniHinry 
effect, 399 

birbilurates yvill aboh-h inyohinlary 
movenirnt-. 39S 

dc'truclion of interior fa'CKiilu.® of spinil 
lord, 39S-309 

cxci'ion. of area- 4 and G, 452 
of irm" arc i (Huey V C.i-e 2). 301, 432 
of proceniril motor cortex. 397 
CliRi-Tlysi in ithcinaticil definitton of p®j- 
(honiei'hime central Jiipirilii-. 206 
Chronntoly - 1 ®. .Ve Rctrogri'le cdl degoncra- 

Ciif-in. J (I . effect on ociilir nioiomrnt® of 
electrical stiniulition of area ii, 75 
Cinciilir cyrii®, .'vc Cyru® cmgtilir 
CircliDC moyements. See Moyement® 


Circuits, See Electrical circuits 
I CiiCTilatMm, See Blood circulation 
' Circulatoiy disorders, See \'ascuiar di-ca'Ct 
Clabk, G, hemianopta m monkeys, 323 
Clabk, W E , Le Gros, specific afferent® m 
striate area, 53 

Clarke-Horsky mstrumeot. See Horsley - 
Clarke. 

CIa®p-knife ^p.asticity, sign of lesions of area 
0, 268, 418 

Clonu®, lesion of area G causes, 417 
pyramidal lesions in chimpanzee do not 
induce, 166 

C^BS, STt^LEy, hypothesis regarding jiatho- 
genesis of parkinsonism, 406, 407 
Cold, iffec Freezing; Shiicnng 
Colitis, p®yeho«omafic relationship®. 296 
Collateral synaj>se. See Synapse 
Collaterals, pontine, from pyramidal tract, 
156 

pyramidal fibers in brain stem give off, 156 
Corami*®ural connection®, sy stem®, ffee ribcr® 
Conditioned reflex, See Reflexes 
Conduction, electrical, See Electrical conihii- 
tlOD 

Conduction time (See ako Reaction time) 
in nerve fibers, 182, 187, 188 
Coset, J L, ontogenesis of urea 4y, 43 
pyramid'll cells m layer ti in area 51 
Conjugate deintioD, See Eve® 

Connections, See Areas of cerebral corlix. 
Fibers 

C<*^'•ou.y, C J, compuitiM' Rohndii. in- 
dices, 23 

direction of central sulcu® 29 
fissura) pattern of human brain, 69 
sulcus opercuians, 32 

Coniraetion, amplitude of, thinge in relation 
to change of reaction time, 1S5 
ipsilatcral, of extremities suryivcU section 
of ipsilatcral pyramid, 493 
mu-cuhr, effect of cleetncil «tittuihtion of 
cerebral cortex in man, 159 IC3 
reciprocally mfegrated, denion«irjhIe . 

under light anC'-lhe-ia, 160 
terms describitig 402 
time elap'ing bctyyccn stimulation of lor- 
tical center and, Scliiff’B ob-rry ition® 
181 

Contracture, ari-es from cxtrajiyr iiiiiil il 
lc«ion®, 4S8 494 

effect of cxci'ion of area 4 wmilar to lb it 
follnyyiDg section of pyriinid®, 4S.'i 
effect of py c.imidxl le-ion® m chiiniunzce, 167 
Conyoliition. Sre Gyru® 

Coniulsion®. cat ilonia in relition to, 2)5 
cerebral cortex, m rcl ition to, 191. 193 
resting and actiye phi-CB f-tuduil by 
Incan® of, 25S 

stimulition a® ciu«e of, 191, 190 
deyrlopmenf. condition® fiyonibh- to. 23.5 
on deep hre,ylhme, 253 
repetitiye sound in rif®, 302 
(motionil siri— in rilition lo. 290 
focal, 

from area 4. aboli-heii |n culling 
pyramid® 411 
inarch of. 413 
re-ult of irritation, 4 JO 
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ConvuKions (co7i(iiiiied> 
focal (continued) 

from v\r«v3 4 tvrcior. Ca5€ 7, 441 
from area 6, 415 
from arei S in min. 456 
from area 44. 420 
electrical stiraiiLition of brain produce*. I 
193 ' 

from frontal eie field, 329 
Husbitng* Jaek'on theora result of focal 
k'lQci', 243 
motor 262 

pi.il blood lesfcls chiage m color and 
-ue after cortical .-timiiKition 250 
irom precentral g\ni* with localized 

siveatinz 299 I 

Irom precentral motor cortex Betz cell* I 
a» caU'C 441 

m inlant inonkei* 441 | 

m man. 24S 

■ remote ’ stimulation a* cause. 256 | 

\ arioii' t\ pes 24S 

JacksonUD. marcb of. 193 i 

trom prccentml motor cortci clinical ' 

etudi.24S 

ni.\oclonic epilejwi. case report, 456 
ch.mgcs in area G in 455 
eie mcnements mth. 456 1 

laioluntarj moiements in. pathottene*!' 
432 

orijzm and epread, 195 i 

BubnoS and Hcidenbain theori 206 
constant sequence, 193 i 

m com ul-ioos ptodviced b\ cerebral 
stimulation. 196 

atdicoTtieal stcucturee in relation to. 195 ' 

tre.itment. ‘essection” of focal point bi | 
Keen 246 

extirpation cerebral cortex 250 

Ick' area. Buc> * Ca$e 1 35S i 

Mimk'a obsenation. 194 
section ot corpus callosum, 241 
irlute muter m relation to, 195 
Corona radiata 5c c Internal c.apsule ' 

Corpus callosum. I 

connections, from areas t, 4, o, G, and 7 to I 
precentral motor cortex. 115 I 

comuiis'-uril to opposite central gyri 148 I 
trom front'll eve field* pass tfaroiiph 33S. I 
339 1 

of precentral motor cortex pass through 
235 

not concerned m reflex forced gnispiiig 443 , 
not nece'=sar> to produce bilafenl eie 
moiements. 315 I 

'ection, effect on epileptic seizure*, 241 
Corpus geniculatum latcrile, Set Later il . 
geniculite bodv 

Corpus striatum (Stc also Xucleu». caudite. 
Piitamen ) 

eortieo-stri it.il connection m monkei. 270 
Iniip) 

projection^ major, of sub'tantii nigra 
ui'on. 141 

from precentral motor cortex to, m chim- 
pinzee, 222 (dng ) 


1 Corpus tubtbalimicum of Luvs, Set Nucleus 
of Lujs 

Cortex (See fllao Cerebellum, cortex. Cere- 
bral cortex, Frontal cortex. Motor cor- 
tex, Olfactor> cortex, Po-'t central cortex, 
Precentral motor cortex, Visual cortex) 
of central sector. See Sensory cortex of 
Dusser de Barenne 

heterotx ptcal and homotxpical, 37, 40, 43 
holoprotoptjchos quinque-trotificatu* 78 
boloprotopti chos septemstcatificatus, 78 
remoial. See Decortication 
Cortical area®. Set Area* of cerebral cortex 
Cortical fields. 5t‘f Field 
Cortical ia>ers See Lajcis 
Cortical maps. See Maps 
Cortical sector, defined by thalanio-cortic.al 
projections, 9 

Corticilugal fiber*, See Fibers 
Corticifugal pafhvraj?. See Tract cortici/ugal 
Cortico- fibers. See Fiber* 

Cortico- tract. See Tract 

Cranial nene nuclei, corticifugal fibers to, 143 
cortico-t^raental fibers to 144 
Crenu'teric reflex, St c Reflexe* 

Critical electrode*. 92 97 
CroaUnc. sign of lesion of area 44. 420 
Ctuciate sulcus. Sec Sulcus 
CRtuBLE, P T, conformation of central 
sulcus, 60 

Culmen of cerebellum, St c Cerebellum 
CtxMscuxM D J. central sulcus cutting 
into upper margin of hemisphere ot 
human brain. 30 

comparatiie Rolandtc indices. 23 
deep annectant g5Tus between upper and 
middle thirds ot central sulctf 30 
direction ot central siilcus, 29 
first front.xl suleus 23 

Cisufxc. Hirx^y clinical neuro'Urgical tech- 
nique* first del eloped bi , 254 
cortical stitnulition of con-cious patient 
under local ane-thc'ia 246 
Cj'toarchitectonic area*. See Area* of cerebral 
cortex 

Cjtoarchitectural areas See Areas of cerebral 
cortex. 

Cj'toarchitecture (See also Maps ) 

of area 4. after local thermocoagulation. 
22S (illus) 

ot chimpanzee. 2S (illu® ) 
of macaque. IS (illus ) 
of area* 4 and G in Huntington'* chore t, 
43S (illu®) 

of area 4<i of human br.iin, 47 (illus) 
of area 4r, 43 
la>ec i , 40 

of human briin 46 (illus) 
of area 4'X 31 

of chimpanzee 29 (illus ) 
of human bram. 49 (illu* ) 
of macique, 19 (illu* ) 
of area 6, ‘167 

m amx otrophic lateral scloro-i-, 440 
(illu* ) 

of human brain. 50 (illus) 
of macaque. 20 (illu« ) 



574 


The Precentral Motor Cortex 


Cytoarchifecture (.conlinued) 
of area 8, 72 

of human cortex, 73 (illua ) 
of area 24 of human brain, 79 (rIJus ) 
of area 44 of chimpan2ee, 30 (jHus ) 
of human brain, 52 (illus ), 467 
of macaque, 21 (illu' ) 
of area 47 of human brain, 77 (lUus) 
of area “FDr” of % on Economo and Kos* 
kmas, 74 (illus ) 
definitions, 13 

electrical actnity in relation to, 110 
electrical recording in relation to, 08 
of frontal ex e fields, 335 
of frontal suppre"or area, 72 
of motor cortex of alouatta, 16 (illus ) 
of precentral motor cortex, 467 
of galago lemur, 14 (illus) 
of man, 33 

subdiiisions of cerebral cortex in the 
monkej, 249 (map) 
lanations and similarities, 335, 467 

Dandy, W., case of remoi al of tight cerebral 
hemi'phere, 385 ff 
Davison, C . xu 

pathology of precentral motor cortex, 425 
Decerebolktion, tremor of, affected bj abla- 
tions in precentral motor cortex, 274 
Decorticate animaU, 251, 302 
movements Unatted and inappropriate, 240, 
252 

righting reflexes in, 252 
Decortication, effect on contul-ioos, Munk’s 
ob'ervation, 194 

emotional respon-es exaggerated in animal' 
after, 302 

reaction time as affected b>, ISS. IS6, 192 
Deep reflex, 5ee llefleves 
Defecation, control b> precentral motor 
cortex, 393 

disorders, from bilateral le»ion< of area- 4 
and C, 411 

Definitions and terminology 
after-dischirge, 258 
alpha rhythm of brain, 94 
arcuate siilcu-, 22 
area, 10 

area 4'i, 4, 5, 467 
arei 4Y, 4, 35 213 4S7 
urea 4q. 213 
area 4*, 4, 467 
area 5 
area 44. 5 

area FAy and area FA, 5, 35, 40, 60, 407 

urea I'C, 9. 72 

area FCUiii 5, 51. 72 

urea I'DI’. 72 

area LA. 78 

ireH of human precentral motor cortex, 
4-5, 33. 69 IT , 407 

Broilniann," sv-teni of nuriiberinc corticd 

mai’k- 5. 60 

C’.ij il'a ?\ -tcni of mimbermc lavcrs 3S 
•oi nlers ' in the central nen ou- M-tcm. 463 
ch d i-i'. term u-ed bv Hmes :in«l Ikntilon. 
463 d, 476 


Definitions and terminology (continued) 

cortex, 10 

cjtoarchitecture, 13 

von Economo and Ko'kioas, lajers, capital 
roman numerals U'cd to designate, 36 
3S 

lettering sv«tem for cortical maps, 4-5 
9, 51, 70 

effector system of animal bodj , 461, 462 
extinction, 257 
facilitation, 18t, 257 
secondary, first t> pe. 216 
second tvpe, 217 
field. 10 

frontal suppres-or area. 72 
hemiplegia, 462a 
holokmc'ts, 475 
homoiotopic. 236 
homologous sulci, 67 
idiokine-is, 475 
inhibition, 463 
intention tremor, 400 
laminar thermocoagulation. 227 
Lar^lle subdivi'ion of cerebellum, 281 
(illus) 

layers, of Cajal, small roman numerals ured 
to designate, 36. 38 

of von Economo and Ko-kma", capital 
roman numerals u-ed to designate, 
36. 38 

layer III and layer IV, 38 
layer it’, 40 

man-, numbering systems applied to, 5 69 
middle level, HuahUnes jack«on'h termi- 
nology, 461 
nerve impulse. 87 
precentral motor cortex, 3, 9, 464 
de«criptive term* source of difference in 
interpreting. 462 
subdivision, 4 

pvramidil inav not be synonymoas vuth 
cortical-<piDal, 155 
pyTamidal tract, 151 
Pyramidcn-itrang, Pyramiden-'Citm- 
Etrang. 158 
reaction time, 176 
region, 10 
sector. 9 * 

ten-ory cortex of Du-er lie Harcnnc, 213 
>I*ontaneout electrical aclivilv of corti x 
107 

static tremor, 400 
subimnimal exciliition, 197 
sub-octor, 10 

Mimmation of stimuli, 183. 181 
fUiipixasion 2>7 
of electrical acliiilv, 238 
tiulamic nuclei (ttulkcr). 5 
threshold of cerebral cortex 197 
T^d's parallel-, 441 
tremor, at rc-t. 400 
intention. 400 
static. 400 
uni-triatc cortex, 36 
upper motor neuron 1* -ion, 4C2 
vintrolattral nuclni' of llidainu«, 6 
Vogts' sv-tem of niiriit>f ring art i«. 5 
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Deflection. See Electrical cicfleetioo 
Degeneration Sec Aieas of cerebral cortex. 
Fibers, Hepatolenticular degeneration. 
Retrograde cell degenerition. Tract. 
pjTatnid il 

Dejerine J . cortico-pontme fibers 142 
coTtico-tegmental fiber- 144 
function of stratum siibcailo-um 137 
origin of cortico-nigral tract 141 
tegmental fibers degencr itcd in cerebral 
lesion-. 144 
Dendrites 
apical. 

in area 47. la\eT II biancbes 3S 
lajer n coiir-o. 3S 
lijer 1, of Betz cell- 40 
of pvramidal cells, relation to outer 
stripe of Baillirgcr, 45 
layer VI. bebaiior 43 
of p\raniuhl cell* 44 
in area 44, branching 65 50 
Uxet mb and laser w , branebvag. 5a 
ujiper portion deioid ot side branches 
56 

bisnl, 

in are.! 47 laser a local dendritic field 3S 
of Cajal 3S 

laser V, of Betz cell-, slant downward 
40 

of jinamidil cell- 44 
IS area 44, laser mb of p>'ianud.il cel)-< 
send branches in stripe of Baillarger. I 
U 

hjer II, sistem of ’huge" pyramidil 
(ells m. 64 

of psramidal cell- branching 56 
reach besond laser IV 5o*56 
in area pira-truta, of Urge 
cells, drop lerticjlls* 00. 100 
m are.s striata, laser \ of cells of Mes- 
nert, oriented horizontally. 100 
electric.il uctisiis fiom, transition to aron 
96 

Dcneriation. phenomenon oi. on stimulating 
anterior part of Broc.i’- area 51. 62 
Dent ite niicleu- See Cerebellum, nuclei 
Dentato-rubro-thilaniic fibers, See Fibers 
De-iniclion (Sci nho loidcr Area- ot cwcbial 
cortex. Cerebral cortea. Tract. «tc) 
method of studiing function 461 
“DcMation of response. Miri.ibility of corti- 
c-al respon-e mas be due to 24" 

Diigonal sulcus. Sulcus diigonah- 
Di.ignim- •S< » Scheuij. 

Dial, Sec Anesthesia 

Dieneephalon (Sic ubo IIj potlulimu-. 

Till! iniU'. etc ) 
fibers to, 140 

Digits, ,S«c Finger-, Toes 
Dic.s ST. P . bilaterahtv of cortical lunctxoQ 
24S 

DipLisie record of electrical actisits. ST, 8S 
Dog, enluncenient of cortical eTcitabihts b\ 
peripheral stimulation. 191 
Double hu'h cell-, Se t Cell- 


D0SS, R S. electrical studies of connection 
bctwecB cerebral cortex and cerebellum, 
2S4 

mapped cortical respon-e to auditory 
stimuli. OS 

scheme of cerebellar cortex, 2S1 
scbeme to shos' cortico-nuclear connection®, 
2S3 

Dropping reactions, effect of pyramidal 
lesions in chimpanzee on, 165 
Drug effect on lortex 255 (See also Ane«- 
Ihesu 7 

Diiodenil ulcer, psschosomatic relationship®, 
296 

Dts^EB D0 BlBE^^E, J G . SII 
area 4» 4 18 

cortico-striate projection of suppressor 
ire^ is and 8, 137 

fionlal’ese fields coincided with frontal 
siipprc^eor area 327 

functional orgmization ot piiniate brain, 35 
(uoctuiaxl ceLitinn between. variQu.» cortical 
binds in chimpanzee, 271 (tab ) 
Iiminar thermocoagulation 227 
mip- of arm' nrei of cbimpiDzee, 261 
cortico.^riatal connection in moakes , 270 
sen-onniotor cortex. 260 
phssiologica! neiiroDograplis of area 6b, 5 
role of precentral motor cortex in sensation, 
390 

ren-or.\ cortex of 213 
®en-ort' localization m primate cerebral 
cortex Ml 

strychnine experiments mi 45 
-Irychninization method to etudi cortical 
«truciure and function 235 256 259 
260 

subdiv ision of area Oh of 4 ogt- 19 
superior precentral -ulciis as landmark for 
aiea h, 32 
suppressor area 52 

(hcorx* of phisiological neiironogiaphi . 223 
DU'scr de Ekirenne method. See Sirychnim- 
zation 

DiMrthru, sxniptom with lesion of area 44, 
■ 420 

Dyi'granular area 44. See Areas of cerebral 
lortex area 44 

D*-kinesii exci-ion of precentral region no 
effect on. 454 

1 D'-metru. sign of frontal lobe tumor. 416 
I Dtssynergn, sign of frontal lobe tumor 416 
j D'flonii, inioluntan moienients in, patho- 
. genesi'. 452 

niu-culotura deforman-, 
ihanges with, in area 6, 454 (ilhi- ) 
m precentral motor cortex, 452 
effect of removal of part of piecentral 
motor cortex, 453 

Eherstaller, O., fissural pattern, n (illii®) 
sulcu- diagonali-, 53, GI (quoted), 6S 
Ecoxoxio, C ION. areal piffern on Rohndic 
operculum 70 
gray /cell coefficient. 61 
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Economo, C %on {continued) 
sulci hai G a definite relation to the areas’ 
67 

Ecovomo, C von and Koskinas, G area 
4a, cytoarchitecture, 47 
area 4y, cytoarchitecture, 46 
m>eioarchitectural pattern, 36 
area 4s, contains strip of large cells, 51 
area 6, cytoarchitecture, 50 
area S, cytoarchitecture of dorsal part, 73 
area S4, eytoaichitccturc, 79 
area 44, cjtoaichitocturc, 62 
aubdiMded U>cr III, 54 
area 47, cytoarchitoetiiie, 77 
area fA, 5, 49, 69 
term used for urea 4Y. 4, 35 
area FB. 51 
area FG. 9 

Vogts’ areas 47, 4C, 55, SS, and 45 beIo«? 
to, 72 

area FCBm, 5, 51, 72 
no homologon among animals, 71 
aiea FDr. 74. 75 

area FFa. area orbitalis agranulans, <6 
aiea LA and subdivisions, LAI, LA2. and 
LAS, 78 

aica PA and area PEy, Bets cells id, 17 
“'giant cells,” in layer IIIC, 51 
m layer iva, 54 

layer IIIB corresponds to layer w of Cajal, 

layer IIIC and III (IV) corresponds to 
layer tv of Cajal, 3S 

mips, disagree with maps of the Vogts and 
of lirodmann 330, 337 
distribution of large cells in layer tv, 48 
lateral and medial surface of human cere- 
bral cortex, 12, 32-33, 70 
thickness of cortical layeis in various areas, 
35 (tab) 

I.denia, dciolopment with hemiplegia, case 
lOpori, 297 

influence of logons of area 4 on, 446 
precentral lesions m relation to, 444, 445 
TeviiUing from destruction of cerebral 
cortex, 298 

Effector ^Jatenl of body, pteccnlral motoi 
cortex controls 461, 462 
Efferent oell<, kec Cells 
rfferent fibeis. See Fibcis 
J'fFirrnt {not, See Tract, pirainidil 
I'loctricil nrtiution. probiWy prooecils 
tliumith intcacortical cireui(«, 103 105 
Elccliicd actiiili (8’<< also Cerebral cortex, 
rlectric.il actii ill ) 
of .iria 44y 57-58 

cortex, t lenient' intcrrclifcd to estabh'li 
corucal ciKuit', 101 
cortii il ciriiiit<= of. 101, 103, J03 
dijili I'lc, 87 

n< pat lie potent i if. sigmficinre, SO, 87 
of nine tnmk'. i>o-ilion of ekrlroiles in 
reconiinp, S7 
of ni noil' s-y 'ti iii, 8.) 


Electneat activity (continued) 
occurrence at a point between electrodes 

95 

positue potential, significance, 89 
random, 93 

record of, in linear tiacts, 86, 91 
recording by oscillograph, 256 
“spontaneous,” 93, l07 
of cerebral cortex, 85 
suppression of, 232 233 (diap ) 
of area 4, 239 (illus ) 
fiom area 4s after diiision of coitico- 
cortical connections, 240 (illns ) 
caudate nucleus csscntiil to 239 210 
cortico-cortical connections not C'®ciiliil, 
239 

definition and description, 238 
transition from dendrite to uxon, 90 
Electrical after-discharge, conditions f.iioi- 
able to, 21S 

Flectncal circuits, ba«ie, nodal points in pie- 
central niotoi cortex, 103 
intracortical, activate whole cortex, 101-102, 
103, 105 

Electrical conduction, rehtion to sire of 
axons, 92 

speed oi, relation to size of fiber, 85 
Electrical current, intensity of, results of 
stimulation de)iend on in part, 207 
sme-wa\e, advantages in ccrcbnil stinuili- 
tion, 472 

Electrical deflection diphasic »liia-minii», 
from literal geniciihto bony, 05 
nimu«-plus-minus, 8S 
plus inmus-plux, 88 
simple inonophdsic, recording, 90 
Ekclrtcal excitability, See Coiebml cortex, 
excitability, Piceentral niotoi coitex 
Electrical excitation, See Stimulation, 
electrical 

Electrical holds, cortical, pliisioloaic fhioiy 
of. 57 

records not correhted witli anitomii il 
areas. 99 

Electrical itupul'C m relition to okcuodri 
and diffcrcnees of potentials, 8), 95 
Llectncal methods of stiidving eeipl;i il 
cortex. 256 
Electrical pofenti.ils, 

action potentials, in poriplieral iicne, 80 
membrane theory , SO 
of central nenoiis 'ystem, recording. 85 
cerebral rorlK.al, in st\id\ of tiuluiuf funi- 
tion, 272 

induced by electrical stimiil ition, 85 
difTercncca in relition to (no iktlioilis U', 

96 

“‘evoked” \(i rvtvbvUuw. (cow ftiwviUtiou 
of crrebi d cortex, 281 
in cirvbr.al corti x. 109 
inler]>rctation of, 9S 

Electrical rt cording, from emir.il optic iiilli- 
way of cat. 0» 

cvtoircliiNctiirc in rilition lo, IIO 
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Electrical tccotJih?’ Icontinurd) 

dividing of cerebral cortex based on, 99 
from a nerve in a conducting fneditim 88 
of single units with raicroelectmdes 110 
Electrical records, anatomical structure of 
cerebral cortex, relation to, 105 
of cortical activity interpretation, 105 
double triphasic, 88 
factors \ar>mg 91 
interpretation. 94 
from isolated neive. S7 
ol linear tracts of the central nervous 
sv '-teni of cat 90 

of precentral motor cortex in lel.ilion to 
architectonics 103 

position ol oleetiodes in lelation to. 91 
relation of nervous strucfuie, SO 
simple diphasic 87-88 
simple triphasic, 89 
“spontaneous,’ from central nervous 
tem, 107 

from a sx’naptic field not that as'icnable to 
axons, 9S 

'•triicture of gcniculato s.vnaptic region 
which contributes to. 93 
Elcctncal lespon-e. from area (> metUatcvl 
traa'corticalli to area 4. 154 
of cortex, vanes m same ape, 321 
effect of branching and terminmoo of 
fibers on W 
s>nchromz&tvoQ, 93 
Electrical stimulation, See Stimulation 
Electrical studies of connection* between 
cerebral cortex and eerebelluai 2S4. 2S5 
Electrocorticograni, See Electroencephalo- 
gram 

Electrodes, ‘buried," remote” stimulation of 
motor cortex bj, 236 
eiitical, 92, 97 

glass, to record changes in pH of cortex 
235 

movement from optic radiations to optic 
tract, change m record, 92, 97 
non-viniforniit> between, pfiecl on poten- 
tial differences. 93. 90 

lio«ition, in recording electrical activit) of 
nerve trunks, 87 

m relation to differences of potential. 95 
xvx xeViXvsw tw wx'.xsvt.v,^*®^ 91 

recording with niicroclectrodes, HO 
reference, 92, 97 
Electroencephalogram, 107 
alpha waves, 92, 96, 107 
amplitude, 109. 110 
frequenej, 110 

infiiienee of cortico-autonomie connec- 
tvons on, 29S 

pattern of cortical electrical aclivitj, 103 
'pontancou*, lOS, 109 I 

amplitude, 96 ' 

anibticai development. 106 (illu') I 

anesthesia, changes during, 303 I 

beta wavp', influence of cortico-autonomic i 
connections, 2DS 

blood pre'sure and excitement, relation to, 

29S I 


' Electioenccplialogram (continued) 

clinical, adaptation of oscillograph to, 256 
I cortex, upper three laj ers, first complex 
I recorded from, lOS 

electrical theory of, 85 
1 mono-, di-. or triphasic wav es, 108 
optic nerve, effect of stimulation 107 
sleep, marked changes during, 303 
1 Emboliform nucleus. See Cerebellum, nuclei 
Kmbnologv of ccrebial cortex, 78 
Emotions, effect on somatic disturbances, 296 
m-tabilitj , with di-caec of aiea C, 419 
Fncephalitu, 

I piialxsis agitans with, changes m areas 4 , f’. 
' and S. Case 12 44S 
I inxolxeraent of area 6, 447 (ilhi* >, 448 
I paikin-onum after, origin of movement of 
lip-, tongue. J iw », phary’ux, and ej es in, 
448 

Enceiihalization. of function m precentral 
motov coitex 259 
I progrcssiv e. 383 
Epilep*). 5cc CoDv ulsions 
I Episodic function. See Phasic function 
Equiiibimm normil. integrity of area 0 not 
csseatul. 417 

I Erection of bodv hairs See Piloercction 
KmckirON. T C . XU 

I effect of section of corpus callosum, 241 
electrical excitability of precentral motor 
cortex m man, 345 

I cxci'ion of hind area,' effect, 483 

I extirpation of prccential motor coiCex in 
man 355 

I Eruptions of 'km, lelated to emotional state*. 

' 296 

Eupraxia, with k'lons of area 44 , 420 
' Evolution, lociense m relative size of Betz 
cells during 65, 66 
I Excitabilit> (5‘tt flfso Inexcitable ) 

of central motor appiratiis, wanes with 
narco'is 183 

I of cerebial cortex SiC Cerebral cortex, 
excitabdif 3 

electrical. See Cerebral cortex, excilabilitv , 
Preientral motoi cortex 
morphine cau-es heightened reflex, 18S 
of niotoi centers, mciea'e in, 196 

influence of tactile stimulation on, 197, 
I9S. 199 

of precential gxnvs, in infant macaqvie, 
development of 475 
in inonke.v, airangenient of excitable 
point*. 470 

Excitation amplitude and cour'e of, in me- 
dium iJKides of morphine nvrco'i' 181 
cortical. See Cerebral coitcx, excitation 
deceleratevi state of. from injection of 
morphine, 1S9 

dcixynd' on intensify of stimulation, 201, 
20G 

electncal. See Stimulation, electrical 
processes m cerebral motor center*, 175 
Excitement, relation to electToenecplrilogrim, 
29S 
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Exner, S , cortical localization of function by 
electrical stinnilation, 245 
\anability of excitable cortical foci, 247 
External capsule, fibers from frontal eye 
fields pass through, 338, 339 
External geniculate body, See Lateral genic- 
ulate bodi 

Extinction, description, 257 
Exfrapyramidal activity, of areas 4 nnd G, 161 
of cortex, voluntary nature of, 163 
Extrapyramidal area. See Areas of cerebial 

Extrapyramidal fibers. See Fibers 
Extrapiramidil responses after severing 
medullary pjramids, 160, 162 
Extrapyramidal tract. See Tract, extrapjram- 
idal 

Extremities (.See also Arm, Leg) 
anterior, position of cortical center for, 181 
generalized weakness of, sign of lesion of 
a-rea 6, 418 

pj ramidal tract operates m cross relation* 
ship on, 169 

upper and lower, representation in pre- 
ccntial gyrus of monkcv, 470 
vasomotor crianges, See unaer Vasomotor 
mechanism 

V olume, alterations from cortical stimiih- 
tion, 299 

Ejebrovrs, elevation in response to electrical 
excitation ol frontal eye fields. 314 
Ejo fields, See Frontal e>o field, Occipital 
motor eye field 
Ev clids, 

closure, area Melding, Smith’s map, 313 
from excitation of “face” region of pre- 
central gyrii', 320 

not a function of frontal p>c fields but of 
“face” area in precentral motor cor- 
tex, 320 

opening, aviakcning ie»ponse, 317 
from electrical stimulation, of orea 8 , 456 
ol frontal eye fields, 314. 317, 327 
upper, rcspoDac to electrical stimulation of 
frontal eye ficUU 314 

Eyes <-See ako Optic, Pupils, Visual cortex) 
closure, See Ev eluls 

deviation (Ste aho movements belou,) 
in adv erMv e conv ul-iv e «eiznres from 
area C, 416 

biKt'.ial diialiuctiaa of c\c ttclda not 
cause of, 321 
conjugate, 218 

front. il ej e fields, re«pon*e to stimula* 
tion of, 311 327, 329 
dc'tniction, etTects, 321 
with lesioas of aica G, 417 
to upjiO'ile side from pliniiilition of 
.irt.i S, 45G 

from stimulation ol I’lecrntral motoi 
cortix, 351 

with !csioiv<, of iiV< V <p, 417 
of are i 8. 420. 421 

of front il eve (lelds in ehinii inzee, 328 
m mttrn il cip-ulc, 3.32 
rtilex, 309 


Eyes (conlinued) 

motor eye fields, Sec Frontal eje fields. 
Occipital motor cy e field 
movements. 309 (See also deviition, 
abate ) 

bilateral stimulation of frontal fields 
causes eyes to look straight ahead, 
315 

control, fundimental mechani'm m brain 
stem, 309 

m cerebial cortex m subhuman pri- 
mites and in man, 310 
in cortiei! itgion in monkey, map of 
Horsley and Schafer, 311, 312 
of subcortical niechani'ni by cerebral 
cortex, 309 

distuibances with lesions of motor eye 
field 456 

elicited, from area CaP, Sa,88Y, Sc, Sd, and 
rostra! part of area 10, 335 
from areas G, S, 9. and 40, in man, 337 
from area 0, 329, 337 
fiom stimulation of human cerebral 
cortex, 331 (map) 
m myoclonic epilepsy, 450 
in post-occcphahtic parknisoinsm, 448 
relation of medial longitudinal fa«eiciilin 
or vestibular nuclei to, 339 
vestibular mechanism, effects, 309, 320 
voluntaiy, control absent vvith dcstruc* 
tion of frontal eye lields, 333 
difficult or impossible with pscudo- 
bwlbai paralysis, 334 

nui'Clos, excitation of ocular cortex could 
inhibit tonus, 327 
reciprocal innervation, Jaw of, 319 
opening. See Eyelid', oiiening 
optic nerve Stc Optic nerve 
oiientation of opticil axes reflex, 320 
pualysis, symptom of unilateral destruc- 
tion of frontal eye field, 333 
lurkinsonisiii, athero'clerotie, symptoms 
not piosont in, 449 
(urning, See deviation, above 

Face, difficulty m control with lesion of area 
4i. 420 

region, in precentral motor cortex, do^iin 
of eyelids function of, 320 
tepvt-^nt vtvon in iirecentral gvnis of 
monkey , 470 

■Tate” am, .Stt wuhr Are.is of rerfbnl 

Facilitation, descniifion 257 
riiondarv, 2JC 
in human motor enriex, 3.52 
in iincifiue, 217 (iiitp) 
tvi><', fir't tvpe defined 216 
stctiiid tvpe, octiirrenci, 220 
vanibilitv of corlitil re-pon-e luiv be dii' 
lo, 217 

ri-ticulu“ Icnticulir, 139 

imdiil loiuitiidmil. nlilion to evi iimvi- 
iiunt'. 3J9 

Fi'tigiil dikKii-, Sh t'< rthrlliim, iiiirlu 
I jtigup,' 257 
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Fear, signs of, after destruction of frontal 
lobe, 322 

“Feedback.” sj stems, 5S 
Feet, See Foot 

Ff.rihro, a , projection of substantia nigra 
upon corpus striatum, 141 
Ferrier, D., ablation experiments in monke3, 
250 

destruction bv cauterization of xarious 
regions of cortex, 321 

electrical stimulation, cortical localization 
of function b\. 246 

eye tnoxement', di«co\ored coitieal contiol 
of. 309. 310 

frontal e\ e fieliU, rc.-pon'C* to electrical 
excitation, 314 

functions of the brain, contribution to 
knowledge, 247 

regional ablation of motor area, effect'*, \u 

stimulated cortices of cat'«, dogs, and 
inonkets, 246 
Fetus, <,Sec tiUo Infant ) 

human, area 4 m, 43 

macaque, holokinetic moaement obtained 
by electrical stimulation. 475 
stimulation of cerebral cortex, result* 

475, 476 (illus ) 

Fibers fnene) (Sec nko Tract) 

afferent, to area from tbalamu'. 45 
to area 4s from thalamu*^ 125 
to area 6 from thalamu*, 126 
number scant}’, 51 
to area 44, 54, 55. 58 

to areas 31 and 32, ^ ; 

to caudate nucleus, putamen globus pil- i 
lidu<, basal ganglia, 221, 222 (diag > 
to cerebral cortex, 114 . 

arborization, relation to cortical actn- ' 

ity. 101, 103 

arrne through a stripe of BaiDaigcr. 15 ' 
course of ascent nithin cortex. 36 
electrical record, relation to, 105 
plexu', 10 I 

m hvers III (lower) and IV, 37 I 

in Jajers iii and ir, 39 
specific, deliier a restricted irapul-e, M 
di'charge of huge cell* dei»end« on 
‘ bickground’' actmt} 39 
termination, 10 
from thalamus, 10 
to cmguhr gjni- from area 4*, 126 
(illii*), 127 

to precentral motor cortex. 111 
function threefold, 132 
gignificinee, 131 

from Mmmetncallv situated areas. 115 
from thalamus, 103. 113 
thal imo-corticdl. See Thalanius, connec- 
tions, efferent. 

irrangement m cerebral peduncle, 140 
.association, intracortical in l»'er im of 
area 44, 53 

with precentral motor cortex. 148,464 
termmition, 461 


Fibers fnerxe) (continued) 
branching. See Arborization 
calloral, 109. 148 

cerebello-ccrebral connections, 2S9 
cerebello-dentato-rubro'thalamic bundle, 
intention tremor commonly follous 
lesions of, 4(M 

ccrebcllo-rubro-thalamo-cortical connec- 
tions, 131 

tcrebro-cerebellar connections. 2S9 
circunioluan-. from pjramid, 143 
commissural, 115 235 
from area 4. 14S 
connections are homoiotopic, 234 
connections of piecential motoi cortex. 
115, 148 464 

demonstrated, bi electrical stiiniihtion 
and Marclii method, 236 
origin, 464 

ID luonke} and chimpanzee. 237 (map) 
conduction, &<< Electrical conduction 
I cooducuotv tiuvc vn, 18.2 
I corticifugal (See also efferent, behir ) 
origin, 13, 135 

patWax to craoiil nerxe nuclei, 143 
position IQ cerebral peduncle, 140 
precentral, course ol. 136 
cortico-bulbai 141 
origin, 465 

from p}ranjid*, must be distinguished 
from coUateraU, 156 
cortico-corfic.xl connections, 
from area 4 to area 0. 217, 464 
between areas 49 aiiu iJi chimpanzee 
and jiionkci 217 
from aiea 5 to area 4, 217, 464 
intcr-areal, 234 

intra-ared. 231, 232 (map), 233 
of precentral motor cortex 213 
in sensoninotor field, 259 
suppression of electrical jctiMtx not de- 
pendent on. 239 
eoTtico-lopothnlamie, 139 
cortico-nigrai, 141 
cortico-nuclear, 143 
connections, scheme shoaing. 2S3 
pathway. 143 

projection of cerebellum, 2S1 
coTtico-pallidvt 13" 
connection, extent of, 137-13S 
eortico-pontine, I4I ff, 279 

oiigin in frontal, V)aTielal, occipital, or 
temjioral lobe*, 153 

projections from areas 4, 4i. and 6, 2S0 
coTtico-ponto-ccTebellar, 2S1 (ilUis ) 
cortico-rubral 139 
cortico-spinal, S<e Tract, pyramidal 
cortico-stnatal, in luonkcv, 136, 270 (mip) 
from suj>pres'or area-, 137 
rortico-subth ilamico-rubral, 139 
cortico-tegruenlal, 143 
from area S, 144 
course, 143 
cortico-thaldiiiic. I3S 
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Fibers (ner\e) {continued) 
cortico-zonal, 139 
course within cortex, 36 
degeneiatioD, of fine myelinated fibers in 
septum pellucuium, 139 
in stratum subcallosum, 136, 137 
of tegmental fibers with cerebral lesions, 
144 

tracing, by Marehi method, 113, 135 
bv iVeigert's method, 135 
dentato-rubio-thalamic, termination jn 
\entrolitcial nucleus, 116 
diameter of, in pjramidal tract, 151, 152 
efferent, fiom aiea ^ in eerebial peduncle, 
144 

position in pons, 143 

fiom areas I, and 6, lesions cause of mus- 
cular spasticity, 428 
fiom areas 4. is, and 6, 465 
intermingle with pyramidal fibers, 147 
magnituoc of projection, 140 
from areas 4, 4s, 0, and & in pons, 142 
fiom area 4V. origin of impulses, 44-45 
pjrumidal cells source oi, 44-45 
fiom areas 4<i. 4’'< and 44 to internal 
capsule^ 221, 222 (diag) 
from areas S, and i4 to caudate 
nucleus, 221, 222 (dug) 
fiontal, distribution m intcinal capsule, 
diagraiPi 137 

fioiii Iiontal eye fields 337 fl 
from medial pirt of cerebral peduncle, 
terminate m substantia nigra and 
tcginentuni, 339 

fiom neo'trutuni to siibstanlia nigra, 141 
from jiiecentral motor coitex, 135 
eouisp of fibcis icsponsible for jpsj- 
Jafenil mo\ement<, 493 
descending coiii-o, 136 
to dieticophalon, 140 
difficulty in analjsi', 465 
to i>iit linen, 137 
fiom luocontral region, 136 
fiom prefrontal ippion, 338 
orii’initc in lurmiKial cells in lajcr vb, 
56 

projection, Marchi method for studying, 
136 

'•tiyclininizition of cortex ii-cd to map 
iiici to which they go, 225 
<\ti ip\i iniidil (fi’rc iiho Tncf, cxlrapj- 
raimd il ) 

fidiii irov> 4 4'*. and <!, inicnningic with 
psrimuiil bbi'T', 147 
I liori o- it!iclO'i« piodiiccdbr imjiill-r' 
fiom ]>uccntril motor cortex. 308 
uiQ\< ments ptodiKod, from piccinlfal 
iiiolor cortex, r.i-ih aboli-hrd. 4S0 
fruiii pricenfia! iiioloi cortex, 417 
jirojeition of teicbi il <orl(\, 13» 
fronto-pontine, 270 
neoccrrbclluin innorution »ii 401 
origin, 2S0 


I Fibers (nerve) (continued) 

I intei^real, See connections tinder specific 
I names of Areas of ceiebral cortex 
' Jenticulo-thalamic, termination, 116 
I medullatcd, none contributed by coctex 
I forward of area 4 to cortico-spinal 
tract, 153 

' motor, conduction rate in, 187, 188 
I myelinated, fine, in septum pollucidum, 139 
' in raodulJaiy pyramids, 151 
number in pyramidal tract, 151, 152 
oecipvto-pontjne, 280 
parieto-pontine, 280 (See also Tract, 
tompoio-j’ontme ) 
form Turck’s bundle in man, 287 
ponto cercbelhi, 280 
precentro-iubral, 139 
precentro-zonal, 139 
projection. See Fibers, eficient 
pyramidal. See Tract, pyramidal 
radiating, of lateral nuclei of thalamus, 139 
runaing lenetbwi»e in medullary pyramKU 
are all descending fibers, 154 
size, relation to electrical conduction, 85 
spiDO-cercbellar connections to pilcoceic* 
bcllum, 281 (illus ) 
subthalamic, 130 

tangential, in layers of area 4'(, 37 
tegmental (Sec olso Fibers, cortico-tcg- 
mental ) 

degeneratioh m cerebral Jcaions, 144 
temporo-ponfine, See Tract, tempoto-pon- 
tinc 

(lialamo-cortical afferent, Sec TInlamiis, 
connections, efferent 
traciDg, 

Marchi method, 113. 135, 136, 466 
methods, Uses and ni'advantages, 113 
Nissl method, 113, 135, 136 
strychniniration method, 113, 225 
Wcigeit method, 135 
transvene. Sec Fibers, cominissural 
“U”, may be seen in area 0, 114 
do unmyelinated leave area Cvn pyramid il 
tracts’ 153 

vexlibwlo-cerebclhr connection-*, 281 (illu* > 
“Fibres dc p ^•■‘•age'’ m 'tiipe of Clenn in. 39 
Field (Sec <i/'0 Frontal eye field. Occipital 
motor eye field, SynlJl^e, »ynaptic field-*, 
etc ) 

cortical hoiiiologoii-, flertncal re-pon-e, 99 
definition. 10 

of Fore! (Hj), vintr.il (rgnientil, 139, 401 
(dug ), 400 (dug ) 

Kielits Ik Ids (it, (•■!, f,i, hf, and tfj belong 
to brodiiiann’-* urn 47, 70 
Fingers (See til\u Toc<) 
iiioKiiKiit, nrei 4 luntiuN, 437 
effect of dc'lTiuliM- lr-*vi)n< of pnriivUil 
motor (ortex on 4 >7 

piralv-M in 1. -ions of prexiilral gvrii- 413 
ripix-ent ilion of, *\t<n-ive lu pruitilril 
g\ni», 3*>1 

of lliuiub index, or liltli fingir- in pri- 
renird iiioinr <or(i X 31') 
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"Finns:, of areas on ftr\d)ninizifion 231 
232 (chirt).233 (thirU 
of I’omt in Ji-ca J, on str\ci)nini*ifion 230 
(map) I 

of p\raniid.il cells m rehtion to stripe of 
Biilhrger, 44 

of \arioua cortical binds of .irm subdin- 
sioD on stnchninizition, 271 (chart) I 
Fi'siire (5ct o/so Sulcii* ) ' 

callosomarginii, Stc Sulcus ciDgohr | 

lateral cerebral. See S\lMaD, belou 
pattern after Lber'tallcr, n ) 
of beam, of chimpanzee, 27, 31 
lateral side of cerebral cortex of i 

macaque 22 ' 

of macaque 20 I 

of man. 59 ' 

rel ition to areas in man, 67 
of Rolando, Sit Sultus, central | 

Sjhian 21 22 

a-cendinj: ramu- rairk' anterior Jiiiiit of i 
precentral motor cortex. 60 I 

central sulcus reaches m mm 59 
course, 31 (map) ' 

rami or branche*. 60 

lertical anterior rannis, CS I 

riiccid piralisi', Sci Pirahsic. tiaiiul 
riicciciity 430 

anatomical b I'l' 270 271 ' 

area 4 and parietal iblation'. relation to . 

270 I 

ctiolojiy , dc-truct ion of raniuts lO monkey. 
429 

cxci'ion of precentral gtrii- m min 357 ' 

le'ions of area 4 415 I 

pQ'teentral lesions. 172. 415 I 

ptTimidil lesion- m chimpmzce, 165 
rLECiisiG P Fu— clileife, also corfito-nu- 
cleat fiber*. V43 I 

prrxinidal tract, 135 

Floeculonodul ir lobe. Sit Cerebellum, artlii- 
cciebelluni I 

Focal weakness, cluneal sjmptoms of lesion ' 

of area 4. 413 

roER«TER, Qtfbip, dedication, % 

cj toirchitectiiral are.as of human cercbml 
cortex. 264 (m.ap) 

dencrNation, pbenonienon of, on stimnUt- 
ing .anterior pirt of Broci's area, 51 
electric il stimuluion of huraan brain, moat 
det.ailcd modem obscri .itions, 3, 313 
epileptic attacks after gunshot woumls of 
head, 24S 

esci-ion of precentril pira-, obscrxation 
on results, 357. 4S1. 4S3 
cxtirpition of jireccntral motor cortex m 
mm, 355 

eye moxement* elicited from foot of 
middle frontal gi ru-. 337 
Ic-ion-, of iirei 0 , siniptoni*. 416 
of area 44, mptom*. 420 
maps, excitable areas of liuniiQ tortex 
adipted from the ^ ogt-, 264 
tcspon-ixe cortex in man, 330 
paraljsi'. spa-fic, differential distribution of 
maximal parah-su in, 4S4 


Foebster Otfrid (contuiiicd) 

singical rcmo'al of frontal eie field' in 
man effect, 334 

stimulation of cerebral cortex of conscious 
patient under local anesthesia. 246 250 
\ogt' tnxps of prcceotial motor tortex 
adopted b> , 33 

Foot (See also Esfremitics. Toes) 

representation, in precentral motor cortex, 
330 

Forbk a , recording actii ity of hippocampus 
and lateral gjTUs with microelectrodes, 

110 

Forced grasping See Reflexes, grasping 
Forced groping, See Groping. 

Forearm, passne supination, effect of ic- 
moial of precentral gjrus, 478 
Foiel, field of. See Field 
Formalin, \alue as fixatiie, 466o 
FittxcK, denied stimuhtmg white matter can 
cau-e epilepsy, 195 

icactioQ time longer when stimulating coi 
te\ than subcortical white matter, ISl 
reaction time shortened after remoial of 
cortex. IS5 1S6, 192 

FuteicR. C , noted signs of ataxia with front.iI 
meningiomts, 4l6 

FmtMAX, Vi' prefrontal Jobotomy in 
tho«es 302 

Freezing, cercbial cortical function after loi il 
ilesfruction bv, 254 

Fpexch J D. effect on oculii moscnients 
of electric il stimulation of area 45, "5 
Fioqiicncj, modulation of, in actuated ele- 
ment* 03 

Fbitsch O demonstrated exiatento of excit- 
able cortex. Ml 

electrical stmuilition of ctrcbial lortex 175 
experimenf.s on excuabihtj of motor center 
tor anterior extremitj 181 
focal stimulation produced focal moie- 
nient, 245 

stimulation of surface of brain affect* coi- 
lex priminh not white nutter. 191 
Fiontal cortex, le-ions, cerebellar sign-, 274 
Frontil efferent fibers. See Fibeis.. efferent, 
frontal 

Front.iI exe field 4. 307 (Ace aho arci S and 
front.il suppressor under Areas ol cerebral 

area SaQS of \ ogt* 329 
in chimpanzee location. 219 
raip of Grunbaiim and Sherrington, 326 
closure of eielid' not a function of, 320 
coincided with frontal suppressor area 327 
conxuUiona produced from 329 
cJto.irchUcCture. 335 
de-cnption a® suppressor .irea. 327 
destruction (Arc aho exci'ion, bilou ) 
biliter.il causes eie' to become fixed, 321 
caiisc* dec ntion of e>es toward tb it side, 
321 

re-ults not identical with tho-e in 
monkejs, 334 

uniliteral detiation of head and oies 
toward side of lesion.'. 321 
efferent fibers from, 337, 33S, 339 
location, 337, S3S 
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Trontal eye field (conli7iued) 
electrical stimulatioD, See stimulation, 

e\ci'ion, cau«ca de\iation of eyes tonaid 
side of lesion, circImR mo\ements, but 
no ^ isual defect, 32S 
m chimpanzee, 328 
m man, 334 

unilateral and bilateral, results. 321, 328 
excitability, electrical, of cerebral cortex, 
311, 312 

excitation, inhibition of activity in other 
.muscles, 319 
m man, results, 328 

Foerster’a map of responsive cortex in man, 
330 (map) 

functional connection with precentral 
motor cortex, 9 

lesions, acute, more effective than slowly 
developing ones, 332 
differentiating fiom those involving 
occipital motor eye fields 332 
disturbances in ocuUr movements, 456 
in man, effect, 332 
Bj mptomatology, 333 
location, in anthropoid apes, 324 
in chimpanzee, 219 
in monkey, 310, 312, 313 
localization within, 310 
maps, 311, 313, 324. 325, 320, 330. 331 
in monkey, location, 310, 312, 313 
m orang, 324 (illiis), 325 (map) 

Smith’s map, 313 
Smith’s subclnision, 310 
stimulation, 
electrical, 310, 314 

eau«cs deviation of ejo to oppoMte side 
and opening of c>e<, 327 
causes c>es to look straight ahead, 315 
in chimpanzee, 326 
m eorilla, 328 
m orang 32S 

eiibeortical mcchani<m eontiollcd by, 339 
threshold in nun 320 
zom coniplexa of Vogts m, 316 
zones of Slott and Schafer in, 315 
Frontal g>ri, See G>rii3 
Front i\ lobe, 

Ic'ioH', atixii in av'ociition with, 416 
cerebellar, signs from 416 
foicod groping from. 412 
lij poriictiv ity as rc-ult of, 321 
mcntil chinge from, 322 
reflev foiced gra«ping fiom, 412 
•vviuptoms, 422 
tonic inntn ition m, 249 
lobectomy, fiber content of p>rTiniid after, 
146 

oibitil Mirfice of concerned with iCNpira- 
tion, gi'tnc motilitv, and blood pres- 
sure 303 

origin of coTtico-vonlino fiheT< m, 155 
-v ndronie of. 422 

tumor gri'pmg, groi'itig and iirmarv in- 
eontinenee with 112 (Ci-e S), 413 
-igri'* pre-ent with. 410 
1 ronlal oculomotor am, Sie irr> S under 
Arci< of rerebrd cortex nnd Frontal eve 
field 


Frontal operculum. See Operculum 
Frontal region, lesions, foiced grasping occurs 
after, 442 

Frontal sector, defined by thalamic radiation, 9 
Lorento de No’s laminar pattern queried, 
72 

Frontal sulcite. See Sulcus, front.il 
Frontal suppressor area, See Areas of cerebral 
cortex 

Fronto-margmal sulcus. See Sulcus 
Fronto-parietal ablations, effect on pjramidal 
tract fibers, 154 

Fronto-parietal opetcnlum. See Operculum 
Fronto-pontine fibers. See Fibers 
Fronto-pontine tract, Sec Tract 
Fronto-temporal region, tumor, associated 
with reflex forced grasping and groping, 
Case 9, 444 
Fultox, J F . XU 

astrocytoma of area 0 and area 4, 417 
atrophy after excision of precentra! motor 
cortex IS one of di«u»c, 388 
liabmski'g sign develops when, "le^ atea” 
of area 47 is destroyed, 390 
cerebral physiology, lesearch, 3 
deep annectant gyrus between upper and 
middle thirds of ccntial sulcus not 
observed by, 30 

fissures of chimpanzee's brain, 27-20 
foreword by, vii 

muscular atrophy with lesions in urea 4, 436 
“orbilofrontal sulcus," 31 
precentral motor cortex in gahgo lemur, 14 
‘•preniotor cortex” in pnnntes, U'O ot term, 

sulcus operctilans, 32 

Function, recovery after lesions of nervous 
system. 274 ff 

released by destruction of pyramidal 1i iCt, 
486 

Fn^iform coll-. Sec Cells 
Fuss«chleife bundle, 143 

Gait, staggering, sign of front.il lobe tumor, 

416 

Galago lemur. See I.einur 
Galvanic skin reflex Sec Reflexes 
Gnnglia, bn«xl. Sec livs.d gangliv 
Gahdneb. \V. J, removal of right lenhr.il 
hcmisplicrc. 385, 390 
Carol, H W . ' in 

“arm” area of chimpmzer, extent, location, 
,in(l functional riibdiv Hion of 261 
(map) 

Aercbtal cortex, need (oi improved subih- 
vi'ion of, “On 

eortico*str« if tl connection in nionkey, 270 
(map) 

cortico-sin itc projection of siijipri “'or 
areas 137 

dcmonstritcd pre'pnec of iirei 4” m mm, 
388 

experiments on thermoeo igu! iting <ieej‘er 
livers of rortex, 227 

frontal eye fiehU roineide vviih frontal sui*- 
fiinetmnsl relation* b''iwe<n v iirioii“_ <or- 
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Carol, H W {continued) 
superior precentral stilcii' .i- Imdmark for 
area 32 

table of direct function jI lelition- between i 
Aariou- cortical band^ ol ‘ana' sub- j 
diMsion of chimp inzce, 271 I 

Gastric. See Stoniich 

Ga'trointestinal tract, actniti effect ol pie- I 
frontal lobotoniA on 302 
urea 6, and to a lesser c\tent areas S and 4, 1 
concerned with. 303 

di'Otders. ps> cbo'omalic rel itiondaps, 296 1 
effect of destruction of arei fi on. 297 
Gellhom. E , contraction ol single niU'Clcs I 
.and coinneri ation ot oppo'ing mu-cles 
by stimulation 472 i 

GcNM, G E, fis'ural piftcm of huiuan 
brain. 59 . 

Genn\n, stnpe of. Sir fctni'e of Gmnvn ' 

Cehiiardt, E. nucloarcliitectunil sludj of 
pirictal lobe of chiiupinzee 25 
CucoAfiM central sulcu' reached SaKwo 
fi'sure, 59 ' 

Cunt cell' ol Betz. .Sir Coll' Betz 
Glees, P . destruction of an are i in c »ts com- I 
parable to area 4'- 137n . 

Glioma. S«f under ipicihc fy/x’. o> I 

AEtlOC^tORU 

GIioms (a'trocAtosis) clue to be.ticd degen* j 
emtion. 147 

demonstration of in bed of degenented i 

tract. 135 

Globo'e nucleu', Sci Corcb* Hum. nuclei 
Globus pallidii' {See al'o Dual g-toglia) | 

connections. 

aSerent, 221 222 (di m ) . 

from substantu nigni. 142 I 

with area a. 135 
cortical, 137. 270 (mip) 

Ic'ion m choreo-atheto«i« and pwkinsom'm 
405 I 

pallido-rubro-olnarj- tract 259 
Goodwin, C. method for thcrmocoasulatin:: i 
deeper lijers of the cortcN. 227 I 

stiraiihtor ' B" to stud} ccrebr.d corte\ 256 i 
Gorilla, stimul ition of frontal e\e fields gucs I 
same rc-ult a' in chimp mice. 328 
OoTcii, F . cortical localization of function b} 
electrical stmuilition 246 
Goi'ers. W R. detail' of foni comul'»e | 
attack*, clinical stud}. 24S I 

earl} anih'C' of Qaecid and so-tallcd ngid I 
pirali-e'. 250 [ 

wasticg of luu'clcs due to degenenUon of 
p}-nmidal tract. 4SS 

Gr.iihm Brow.n. See Brown, Graham I 

Gnispio!!, forced Sie ReSesC', grispinsr 
Gray/ccll coefficient. 64 . 63. 66 (dug ) | 

Gni} matler, e\eitabilit}, 192 

mediator of motor impul't". 206 
stimulation, effect. 209 
effect on reaction time. 1S5 1S6. 1S7 I 
(craph). 1S9 

electrical, effect. ISO (gnph) ' 

rc'i'on-cs to, 176 

Gromier. j, superior pTecentral suleiis, 22 ' 


Gropiin: forced 

di*»ppeirs with destruction of piramidil 
tract or to" of M'lon 442 
with iroDtal lobe lesions, 422 
with frontal lobe tumor, 442, 443 
with Ironto-temporal tumor, 444 
partiil Ic'ions of p\r.\Qi\<lal tract do not 
aboli'h in nun. 442 

CFO'S anatomv. ol precentral motor corte\, 59 
Celnbaim Sh Leiton 

GruQtins attacks of, signs of lesions of area 

44 420 

Gup-hot wound' of head, epileptic attacks 
after 248 
G}rH- 

cingulir anterior pirt of, area -’4 a sup- 
prcs'Or are.i 4 219 

fiber tract from arei 4*. 126. 127 (illus ) 
not lionvogcneou' architecturalU , 60 
mcsocorteN coicrs 78 
frontal middle and inferior, e}e move- 
wicwt' eAioitd irtiTri 337 
lateral (cat) recording actiuti with raicro' 
eUctrodcs 110 

pittero' i iriation m apes. 324 
p»)stceDtrd gigintic pirimidil cell' in, 239 
sensation |>rodticed bi stimul ition o> 131 
scD'ori lo-s result of edema and lascuhr 
alteration 393 

stimulation eJcctncil. cioked potentials 
in cerebellum 2S4 
motor re'ponsC'. 347 
sensori re'jion&e' 34S 
jirecentrd loitico-nigral tncf origin in, 141 
conico-spio il fibeiN in p}Timidil trict 
ongin.ite in ISo 15$ 
destruction re'Ult' ol 451 
cxci'ion in athetO'i* relieiC' im oluatar} 
luoiement' 355 356 397 4S3 
Foei-ters ob'enation on results of, 

357 4S1, 4S3 

in uuuaque effect on progies'He moie- 
iiients 01 leg, arm and forearm. 
4;5n 

Mkiine'COs ob'priation on effect ol, 
4S3 

niture of lo" of function from 4S2 
Pma.uu' ca'e-. 35S 
relca'e phenomen i following, 4S7 
re'Ult' 490 
Suh'* t i-C'. 356 
'-n'Ori lo" from, Foerster 35S 
tremor reduced. 401 
MaJ-hes ca'C, 356 
e'citabilifa deiclopment in int int 

eNcitablc cortet in relation to, 473 
eNcit.ibW point', an.vnsenient in monkea , 
470 

eNcitition of ‘face’' region of. e-aii'Cs 
iJo-urc of p\e« 320 
hber'. coinmi"ural. through corpU' 
callo'um 14S 

lonnccting iliffcrent area* 14S 
liinction alter loss of other part' of 
central nenoU' .*}'fem, 4S9 
Hor-le} ,' conclu'ion-. 356 
Iccaliziliott within. 246 
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Gjnis (continued) 
precentral (continued) 
function (contmned) 

in motor activitj of growing monkey, 
479 

motor, of pyramidal tract, 162 
phasic, of pjiamidal tract contiolled 
by. 171 

sensation, may not he related to, 391 
mexcitable zone m, 326 
injury, Hughlings Jackson’s concept of 
dual loss applicable to, 481, 482 
lesions, degeneration of fibers m septum 
pellucidum, 139 
paraljsis following, 413 
location of frontal ej e fields in monkey, 
313 

mo\ ements at hip from superior part, 361 
representation, extent depends on num- 
ber and intricacy of muscles, not on 
size, 351 

of fingers extensile in, 351 
motor, sequence, 343 
of single muscles in, 471, 480, 431, 402, 
492n 

of upper and lower extreniitics in 
monkey, 470 
stiniuldtion, effect. 154 
in chimpanzee b\ Hines, 469 (map) 
in infant monkey#, results, 477 
influence of section of pyramids on, 
473, 475n, 478 

in man, difficulty in eiahiating results, 
472n 

xnrntions in results of, 463 
motor responses, 347 
results, 491 

8cn«ation produced, 131, 318. 475 
X oealnation obtained, 351 
subdi\i«ion< m rom, 467 
tumor, localized sweating with localized 
conMi!«ions, 299 

ventrolateral nucleus of thalamus pro- 
jects to, in man probable, 288 

Hair, See Pilocrcction, Pilomotor 
IUmilton, J. experiments with Craig Good- 
win's method for therinoeoagulating 
deeper !i>era of cortex, 227 
Hind (b're nUo Fingers) 
atci, "See Arcis of ccrcbial coitcx 
representation in precentral g>rus of 
monkey, 470 
Ilipile, cortex, 15 
Harvard induction coil, 256 
lU'SiN, G 13 , tran-lator of biographical note 
on N A llubnoff, I75u 
lIvfSM*'', L case of «ii'ppctcd unconipli- 
cilcd lo'ion of mcdiilhrj pjramids id 
min. 167, 4SG. 4^. 450 
Ilvaasiii, R, effect of hcmi-ietion of pons 
on pjraiiiidjl cell'', 147 
Head, gim-liot wounds, cotivuUions after. 218 
niovimcnt', in adier'ivc convul-i'c sei- 
zures from arci <■. tow ird nppo-ite side, 
416 


Head {continued) 
moa'cments {confiniied) 
with lesions, in area 6, 417 
m area 8, 421 
of frontal eje fields 321 
m internal capsule, Pievost repoit, 332 
from stimulation, of cerebral cortex 331 
of frontal e>e fields, bilateral, Le\m- 
sohn’s studj , 316 
Pemer's discov cry, 314 
of frontal ocular cortex, 317 
of precentral motor cortex, 351 
Heart action, alterations with expeiimontil 
neurosis, 302 

arrhythmia in experimental neurosis 302 
Heidbniiaiv, R P H, biographical data, 
175n 

cortical localization of function by elec- 
trical stimulation 245 
on excitatoiy and tnhibuorx processes with- 
in the motor centers of the brain, 173 
method of experiments ii^ed by, 177 
physiology of precentral cortex, 0 
variability of excitable coitica! foci, 217 
Henuaoopia, frontil lobe Ic-ions cu:-e, 323 
Hemiballismtis anatomical relation of corpus 
subthalamicum of Luv «, 405 
excision of “arm” area of precentral motor 
cortex, Buev’s Ca®e 2, 361 
Hemiplegia, 5cc Panh'i* 

Hemisphere, See Cciebral Jiemi'pherc' 
cerebellar, Sec Cerebellum 
Hepatolenticular degeneration, chingts m 
area 8 m. 456 

involuntary movements in. pathogcnp«is, 
452 

progressive changes in precenti il motor 
cortex in, 455 456 

tremor at rert, and intention tremor nnv 
occur in. 400 

Hebivo, II n, method of analysis of pat- 
terns of movement, 473 
“return of power” m hemiiJegn, 481n 
Hermann, L, cleetric.il stinuilition of the 
brain, effects of, 17S 
Herrick, C J, coined term “premotor 
cortex,” IS 

Heterogeneous «jnjptic ficM, Sic Syni]"i 
Hcferotypicd cortex, of arei 4^- dcvrlo|>- 
ment. fliwlniann’s contention. 43 
dvffcrcutiatcd fvom bomntypvcd cortex, 40 
Hiccough, with It -ions of .arei 4{, 420 
Hines, Marion, xii 
aroEiilecliirc of .ire i 4*, 51 
central ®ulcus may cut into dor'»il inirgiii 
and run for n short w.iy on jiieiiiil 
«ule of henvispheTc. 22 
chili'tic point, 403, 47C 
map® ccrtbril cortex, of fetal brim, effects 
of stiinuhlion, 476 
of Macam miitattn. 207 
precentral gyrus of ehimpinree. results 
of stimulation, 400 
rlrip 4s, 207 

obscnnfion on biliterul reriiov il of ir< i* 
und 6 in iiionkev, 35ln 
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Hines. Mwion {continued) 
oudme drawiDg', corte\ ceiebri of fetal 
in.icaque*. 476 
precentral path#- 477 
precentral suppressor strip, 4. 267 
significance of precentra! motor corlev 459 
sine cva\e to stitdc cerebral corte\. 256 
variation in area S from per'on to person ■ 
336 I 

Hines, strip of, See area 4$ undo Areas of . 
cerebral corte\ 

Hippocampus, cortico-Iivpothalaniic tracts ' 
ari-e in. 139 | 

microelcctrodes to record actuitv of. 110 
Hitzig, E cortical localization of function b\ 
electrical stimulation, 243 | 

demon'trated existence of excit.able cortex ' 

discoverj ol area for eje-closiire, 320 I 

earliest electrical stimuhtion of human 

brain ba . 345 . 

electrical stimulation of cerebral cortex 175 i 
experiments on excitabilitx of motor center ■ 
for anterior extreruitx, 181 | 

local stimulation ptoduml focal moxeroent 
245 

-timulation of surface of brain affects cor- | 
tex pvtnntdx, not the xxlute matter, 191 
Hoche, a , cortico-tegment.xl fibers. 144 
Hoefer. P F a , quoted on nature of di— ' 
cliupe of p>ramidal and e\trap>Tamidal 
tracts 407 j 

Hoffm inn sign. See Beflexe-^ I 

Holmes, G , retrograde cell degeneration after 
hemi«ection of spinal cord, 145 I 

re-earch on functions of striate area of | 
occipital lobe. 3 

sx mptomatology of frontal eje fields, 333 , 

HoIoLinesio. Don-p> ninid.il t>pe of move- | 

ment 475. 476, 479 

Homogeneous sjuaptic field. See Sxnapsc | 

Homoiotopic. ’ denned, 236 | 

Horaologx concept of. 67 
of cerebral sulci. 67 

Homotv pical cortex, Brodmanns term. 43 I 

differentiated from heterot j pical cortex 40 . 
Homunculus illustrating extent of motor and 1 
sen-orv representation in central sector, ' 
414 I 

Ho\iping Tc.vctvon'. ab-enl as result of pxram- 
idil IcMons. IM 

description and relation to precentral 
motor cortex, 263 

effect of pxTamidal lesions m chimpanzee, 
165 

Horslex, Victor, cortical localization of func- 
tion bx electrical stimulation. 246 
excisions, cortex of monWev , experiments 
250 

cortical focu’ for J icksoaian epilcp-y 250 
“hand" area of cerebral cortex m athe- 
fo-i®, 250 

precentrvl pxTUs to relieve athcto-is 355- 
356. 397. 4S3 

expcrinieiit on electrical excit ition of brain 
vn aiM?s, 325 


HoRSLCi, Victor {continued) 
frontal eje field- in monkey. 312, 313 
in man location of efferent fibers, 33S 
in orang, 324 (illus ) 
localization of function uithm cerebral 
cortex. 24S 

map of electrical excitability of cerebral 
cortex m monkey, 311, 312 
precentral gxrus function, 336 
role in sensory perception, 390 
Horsle> -Clarke stereotaxic instruincnt. 254 
Hoxxell, \V H, first to ob«erve effect of 
cortical stimulation on blood pres-urc, 
29S 

Huber E discrepancies between boundary of 
area and sulcus, 68 
motoi cortex, review, 13 
phxlogencsi' of motor cortex, 44 
Huber. G C. central sulcus result of con- 
fluence of coronalis and ansata 60 
Huntingtons chorea, See Chorea 
Hxdrogen ion concentration, analjsi- m 
studving excitabilitv of cerebril 
cortex 258 

of cerebral cortex. 255 

Hxi'eractixit.x. frontal lobe lesions result in, 
303 321 

Ic-ion- of area S do not cau-c, 323 
Hv |>erkincsi'. See Hypersctixitv 
Hxperpooea epilepsv produced b\. 255 
Hvivertoma. Sec Rigiditj , Spasticitx 
IlvpDO-K states related to alterations in 
somatic and autonomic fuDCtion, 296 
Hx iKiDiotiliix . effects of destruction of area 
d, 26S 

Hvpothalamu'. anterior, fibers in 130 
autonomic function*. 295 
connection', cortical, 139, 304 
with hippocampu*. 139 
direct f^rom precentral cortex, 139 
olfaction concerned with 304 
Ilxpotonia. -See Fbcciditx', Paraljsi* flaccid 

Idiobmesis, pjTamidal type of moxements, 
475. 476, 478, 479 

Illustration', Sc< Maps (illustration*) , Photo- 
micix^raph' , Schema 
Inund'e, See Electrical impiil'c, Nerve 
impulse 

Inci'ura paricto-occipitalis hteralis, 31 (nmp) 
Induction coil, Hnrv ard, 256 
Inexcitable precentral field of Vogts, 316 
Inexcitable zone m precentral gv rii', 326 
Infant (See af-o Fetus ) 

“leg” field of human cerebral cortex 43 
macaque, development of excitabilitj of 
precentral pjrus in, 475 
development of stimulated and spon- 
taneous movements in, 477. 478 
focal convul'ions in, not caused bv stimu- 
lation of precentral motor cortex. 441 
results of stimulation of pieccntnvl g\nv>, 
477 

monkej'. Kenn.irdV ob'erxation on bilateral 
TCiQoxal of areas 4 and 0 in, 3Sln 



586 


The Precentral Motor Cortex 


Infant {conUnwd) 
monkey (continued) 

motor de\eloproent, lelation of precen- 
tral motor carte's and pyramidal 
tract, 479 

recor ery after le«ions of precentral motoi 
cortex, 275 

ner'born, cerebial white matter reacts to 
electrical stimulation, not cortex, 193 
cytoarchitccturc of area 4Y, 43 
lesions of precentral motor cortex pro- 
duce less deficit than in adults, 275 
Signs of neurological disease distinctne m, 
412 

Infantile paralysis, See PolioniyeliUs 
Inferior frontal gyrus, See Gj’rus, fiontal 
Inferior frontal sulcus. See Sulcus, frontal 
Inferior oln e. Sec Olii e 
Inferior precentral sulcus, See Stdeus, pre- 
central 

Infrafrontal region, arei 4^ consideied to 
belong to, 76 

I^ovAR, S, subdnisions of cerebellum leBect 
functional differentiation, 280 
Inhibition (See also Chalasis) 
cential or cortical, 204, 209 (ilhi») 
depends on mten-ity of stimulation, 201, 


from central stimuUtioa, 202. 203 
from electrical stimulation of coitcx. 204 
fiom pciiphcral stimulation, 190 ff, ^ 
natiiie, 208 

lirocessea m cerebral motor center, 175 
of tome mnctsation of skeletal muscks 
from stimulation of preecniMi motor 
cortex 476 

Instability of a cortical point, 160 
Insula, See Island of Ileil 
Intellectual deficit, not nppircnl m man 
after destruction of frontaf c>c fields, 334 
Intelligence (See <i(so Intellectual tlcficit, 
Mental nctiiity ) 

relation to cerebral cell lohimc, 65 
rclition to niimbei of cells m coitex, 64 
Intention tremor, .Sec Ticmor 
Intcrcahtum Sie Sub-tantn nigi.i 
Infcniicdiate niicicu',, See CcrcbcJliim, nuclei 
Internd 
fiber-, 136 

from aiea 4, 136. 138, 141, 221, 222 (duR ) 
from arc IS 4“? and 4r, 221, 222 (dug ) 
fiom area 4s. 138, 141 
from an-i 136 13S, 141,221,222 Wng) 
from area S, 136, 138 
foim anterior ji irt of po«tcnor limb at 
genu, 339 

fiom arci 44, 221, 222 (diag) 
(oTiieo-pdlidd. 137 
coitiio-pinil. 145 117 
mixoii null extripjr.iniKiil fibers 156 
frontal cITi nnt, 137 
from fiontal exc- Jicl.N, 337, 338, 339 
mgrO'pillidil. 142 
origin. 221 222 (illu< ) 

U-ioti'" c lU'ing dex lation of exc- and hi »d, 
332 


Internal caraule (continued) 
pyramidal tract, destruction, 
aboltebes discrete control of mox cmcnl, 

161 

spasticity folloxving, eontra-ted xvith that 
folloxving exci'ion of piecentral motoi 
cortex, 381, 388-389 

ticmor of ivirkinsonism disappeais with 
capsular hemiplcgu, 450 
\A«icuUr insults to, cause of spasticity, 428 
Inteinuncial cells, Sec Cells 
lotracortical circuits, actuate xxhole cortex, 
101-102, 103, 105 

Intu&su«ception dc-tniction of aica 0 iclated 
to, 237 

luxoluntarj' moxemenfs, Sec Moxements 
Ipsihteral respon-cs to electrical stinnihtion 
of prccentr.il motoi cortex, 3J8 
Ipsildteral repiesentafion in picccntial motor 
cortex 357, 384, 387 , 493 
IsOcortcx, diinies rcgio infr.iradiita and the 
retrosplcni if foinutions, 78 
proper, coitcx Ixoloprotopty chos scptcin- 
stratificitiis, 78 

Isomoiphisro. theory of, Kohlci's ihscus-ion, 
57 

totalistic atui localistie theory, 57. 81 
Island of Red nii]) of hteial surface of 
Imnun ccrtbial coitex, 12 
sujictior limitim; sulcus of, sukus opri- 
cularis a continiiition of, 31 

J, short lijmxci-c furtoxv of Kiikcntinl .ind 
Ziclien, 23 

Jacksov, J HuniiLiNos, cercbiiil le-ions, 
analysis, quoted on, 423 
cortical contiol of ninxemcnt, mginised, 
concept, 150 

focal cpilep'j. lesion m contrahteral ccrc- 
br.il heiiii<|)hcie ns caiw, 2i5 
lesions m precentral loitcx us cau-c, 218 
motor aiea. discoxtry, xii 
mii'Cles. relation of ncixous ccntris to, 491 
preccntnl (tyru*. injiirx, concept of duil 
lo-s applieibie to 481, 482 
rclea-e phcnomeni. 403 
rcpic-cntation of motor and sen-oix it- 
spon-e« doctiine, 350-351 
teriiiinoloRX, ‘ middle Inxcl.” 4GI 
JacLsoniin coiixuI-ioih, .S'rc ConxiiNion- 
Jaxr. difficulty in control xxith le-ions of am 
4i. 420 

moxemenf of, oiigin in po-t-inccjilialilic 
pirkm-oni'in, 418 

Joui, W A, digcnciution of rorfico-nigral 
ftbors after I'ri t( nir li 1( ‘ions, 141 
pith of cortKo-legmcntsl fiber'', HI 

Kacs-Bcchterew, Btriiw of, .See btripe of 
Kios-lkclHerr« 

KiiiOR. O. fir-t ob-nncil gro-< atroplix m 
,ur IS 4 and 6 m iinix otrojihu >< Icm-j-, 127 
K»f N, It II , rx-i ction of a ford j-oinl ) ri - 
xenteil <\'dep..\, 2tG, 250 
lo( diiilion of function xxitlun corn x. 218 
Ki.urR.A 1> Ilibin-kiB J'lcn ilrxeloi- wlirii 
“leg arei" of area 4 i-i destroyed, 390 
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Kellct. a JI , Brodtuann's areas 4 and 6 jo 
lemurs, 15 

M\RC4RET a . Ml 

astrocjtoma of areas 4 and 6‘, 417 
autonomic function of precentral motor 
cortex, 293 

remoral of areas 4 and 6 m infant monkev, 
ob-erration on, 3S4n ) 

role of precentral motor cortex m ra^o- < 
motor control, 390 I 

somatic functions of precentral motor cor- 
tex, 243 

Kidner, denenatjoa, effect of stimuhtiQjr | 

area* 4 and 0, 299 

rolumc, alteration in from cortical stimu- 
lation. 299 I 

Klemme, R M ob-eriationr on cerebral 
operation' for abolition of tremor. 402 I 

Kn«.-er. a , djsgranuUr area. 44, 51 I 

Knee jerk, ^ce lUirfer Reflexes . 

Kohleb, W , theort of isomorphi'in. 57 
Kojewmkoff, a. traced deg;eneratior» of px- 
ramidal tract in annotrophie lateral rcic- ' 
ro»i>, 427 I 

Komocortex, xatious txpe*. 67 1 

KoHXxti'LLER. A E. records of spool mcoii' 
electrical actuitx* differ for different exto- ) 
nichitectonie field*. 9S 

Kosmcx, K, cortico-nuclcar fiber'. 144 1 

cortico-tepmental fiber*. 144 
Kosmms, Sec Economo ' 

Kreht, IIxvs, area 44 eubdinded into arei' 
oO and 67. 27 

area 4". wider nrea of Broca. 75 
c>-toarchitectiiral study of third frontal con- 
xolution in chimpanzee. 23 
djsCTanular arei 44, 51 
fields, 6J, 63, eS, 64i and 66 probabb belonjt 1 

la>er 11 of nrea 44, 54 I 

eubdni'ion of la>cr III of area 44, 54 ' 

KiKEXTUxt.. W„ anterior precentril sulcu' I 

designated z', 23 I 

rami q, q", and <?', 22 

small dimple on frontal operculum called , 
“X”. 23 

superior precentral siilcU' designated as r I 
22 

superior precentral sulcu' m the macaque ) 
22, 23 I 

Labyrinth, effect on eje movements 319 
reflex forced gra<pmg affected by 445 
Laminar "thermoco.igubtion,” method of 
Diisscr de Barennp, 227 
Language (Sec alio Sjieech ) 
underslandinc di'turbances, Xicl'cn orsan- 
ized data concerning. 420 
Livgmortht, O R., cortical fimction i' con- 
trol or regulation of autonomic adjust- 
ments, 304 

quoted on cortical control of urinarj- blad- 
der. 300 

LiNK-isTER. R, rexolt acain't hi-fonci'in of 
earlx Darwinian morphologist', 67 


LtR'ELL. O. terminology’ of subdiiisions of 
cerebellar cortex, 281 (illiis ) 

Larynx, abnormal sen-ation xvith lesions of 
area 44, 420 

moxement from stimulating area 3, 232 
representation in precentral motor cortex, 
349 

LxsiiLEr, K S . hemianopia in monkey s, 323 
\entral nucleu* of thilamu', 13 
Lxss>ek. a M , 

Betz cell' mean surface area. 43 
number, in human brain, 41. 42 
in precentral sub*ecfor in one hemi- 
sphere. 17 

total number of giant cello within area 4 
of tlie macaque and area 4Y of man. 
66 67 

■Latency ' and latent time. See Reaction 
time 

Literal cerebral fi"ure. See Fi'sure. Sylvian 
I^ateral geniculate bodv, diphasic plus-minus 
deflection. 95 
electrical activity of, lOS 
Literal geeicuhte svnaptic region, structures 
which contribute to on electrical record, 
9S 

Lateral index, determitution 21 
lAteral nuclei See Thalamus 
Literoventral thalamic nucleu-. Set 
Thalamu- 

Ijvcts (See ol'O siibhrnds under Areas of 
cerebral cortex ) 
cvtoarchitecture 467 

laminar pattern applicable to fiontal cor- 
tex 72 75 


miinbenng scheme ii-ed for lavers of Cajnl 
and of V on Economo and Ko'kinas, 38 
tangential infliiencci pvr.amidal cell-, 44 
ihicknev^ ID respective are.is on free surface 
of gvn in man, 33 (tab) 
layer 1 thicknesa in respective areas, 35 
(tab) 
layer u, 10 

liyer II thickness in respective areas. 33 
(tab ) 

laver u«i, 10 
laver me. 10 

layer III, lower pirt referred to as 

laver IV m all area- of neocortex 8 
thickness m respective areas 35 (tab ) 
layer le, redefined bv von Bonin, 55 
layer IV, large pvTamidal cells in, 17. 19, 33 
omi-sion of, from precentral agranulir 
cortex. S 

specific .afferents break up into a fibnll.ar 
plexu- knoivn a«, 37 
thickness m respective areas, 35 (tab ) 

laver t6, 13 
liver ic, 10 

layer V, thickne-s in re-pective areas, 35 
(tab ) 

laver tn, 10 

layer Yl. axonal jhaft- from. 100 
layer ^^a .ind VIb, thickne-a in re-pectnc 
area-. 35 (tab) 
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Leg {See aho Extremities, Foot, Toes) 
nioieinents, repiesentation in precentral 
motor cortex, 350 

passu c retraction of, effect of removal of 
precentral gjriis, 478n 
“Leg'' area, See Areas of cerebral cortex 
Lr Gros Clark, See Claik 
Lemniscus, 
medial, 143 

destruction seems to result m flaccid 
paralysis in man, 430 
Lemur, Brodmann's are is 4 and 6 in, 15 
graj/cell coefficient in relation to brain 
weight, 65, 66 (diag ) 
precentral motor cortex in, 13 (illos), 14 
Lenticular fasciculus, See Fasciculus 
Lenticular nucleus, See Basal gangim 
degeneration, See Hepatolenticular 
degeneration 

LenticiilQ-«pnal tract, See Tract 
Lenticulo-tnalamic fibers, See Basal ganglia 
“Let el of organintion,” number of cells jn 
cortex not exprcs®ion of, 64 
lavtN, P M , XU 

effect of hemuection of pons on p>ramidil 
cells of tireas 4 and 4'^, 147 
effeient fibers from precentral motoi coUcx, 
133 

LEVI^soll^, G . not able to confirm tones of 
Mott and Schafer in frontal eje fields, 
315 316 

Ltvr M, blanches of middle ceiebral arterj, 
62 

Lmton (GRUNnAUcf), a S F , di»siniihritv 
of conroliitionil pattein in apes, 321 
elcctiicil stimulation of frontal eje fields jn 
gorilla, 328 

first to icport electrical stimulation of eere* 
brnl cortex in chimpantee, 326 
frontal ece field in chimpantee, S20 (map) 
maps, motorieatly re«]ion'i\c cortex in 
orang, 325 

ie«iults of clecfiical stimulation of cere- 
bral cortex of oiang, 325 
» arnbilitt of cortu il ros|>onse in man. 247 
Licking attacks of, with lesions of jiea 44, 
420 

I.taoELL H S, quoted on ex|>en!nental neu- 
roses in shceii, 302 
LuN, .S<< Eielids 

I.ii-PMisN. H, tonic flexion of binds .ipj'eai- 
mg with lesions of front >1 lolw. 249 
Liiubic irci, See anterior liiubic vnJir Areas 
of icrcbr.d cortex 

Liiiibn con'olution fii't, long js-ociition 
fibers to, 148 
Linoir tnet. See Tract 

Lip nioxcnients, oiigin in po-l-encepliabtic 
pirkinsoni-m, 44S 

Lillie s disi 1-0, .Sr c P irilt'is, -pi-iic 
congemi it 

Lobecloiin Sei Front il lobe, lolieclomt , 
Trm|>oril lobecloiiiv, tir 
I.obotoiui .S'< r Piefront il loboloint 
Lobuhis an-iforniis pirifioiiubi- ite. Set 
Cerebellum 


Localization of function, within pitccntral 
gynis, 246 

precentra! motor cortex, 259 
Lobe-xte de N6, R, afferent fibers foim a 
plexus in 3rd and 4th layer (lower), 36-37 
afferent impulse for each topogriphie zone 
of pyramidal cells, 44 
arborization of callosal and conimi-siiral 
afferents, 101 

cerebral cortex, dnmon, ba«cd on electrical 
recoiding, 99 

c>toaichitecture in Iij’er v of aica 4y, 40 
laminar pattern applicable to frontal coitex, 
72 

sensory cortex, basic arrangement for, 99 
sublayers va and vb of lajcr Va in area 

a. 66 

sjnap«es in cerebral cortex, colliteral and 
terminal, 100 

8>njptic connections of single cortical p>- 
lamidil cells, piobablc complexity, 102 
sjn.iptic fields, heteiogeneous and fionio- 
geneoua, 41, 57 

IxiucKX R B , “remote” stimiihtion of niotoi 
coitcx by ‘‘buried’ electrodes, 256 
“fajwer motor neuron le*ion,’' use of leim, 
463 

LucMM, L, cortu.il localizilion of function 
by electrical stimulation 245 
Luvs siibtliahmic body of, Sii Nuilcus of 
I.iys 

Macaca, S< c un<ier Monkey 
Mticaqiie. See vnder hlonkey 
Magnus-de-KIcijn reflex, Sec Reflexes 
Man. cell size compired with size of Jlctz 
cell® 65 

map of ceiebriil coitcx, S<e Maps; Mqis 
(illustrations) 

tireeontral motor cortex in, 32 
■ elation of gray/cell coefficient to brain 
weight, 66 (dug ) 
repiesentation of fice, arm, and leg in 
tlidamus, 120 

size of areas 4, 0. and 44, compared with 
injcaqiie, 70 

Mangabce, See vndi r Monkey- 
MaiRs, nlw Maps (illustrations) 
are i S, erron in, 337 
extent of, 336 

axoail ibsicihutioa of cells by btryelimniZ 1- 
lion. 225 

cenbrd cortex m min literil and micliil 
siirfaeo, 32-33 70 

pippircd by Vogts on bi«is of monkey's 
cortex, 336, 315 

disigrcciiicnt among mips of Vogis, Urod- 
minn, ami \ on I'lonomo ami Ko-kin i®. 
336 337 

electrical excitibilili of (erebril cortex m 
nionkri. llor“l(\ and Sihafer, 312 
errors ([k>s.s||)!< 3 m Minoil® mij.® 336 
lirncntrd motor lorlev of Vogt® di-mp- 
niides m, 33 

tcTimnoloEx of 'ou laowoiiio iiU'l Ko-kiwis 
and of Bfodniinn, 70 
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Maps (illustrations) (Sec also Schema) j 

iilouatta, outline of heinisjihcre, Vogt', 15 
clumpanzce, arm area, extent, location ami | 
functional subdi\ I'lons, Dii'«?cr de Bar- . 
enne, Carol, and McCuUocU. 261 1 

“Becky.” connection from thalamus to . 

area 6, M alker 122 I 

cerebral cortex, Campbell, 24 
conimi'sural fiher'^, origin, McCnlloeh. 237 | 
frontal eje field, Ctunbaum and Shei- 
ringfon, 326 I 

motor iespon«es resulting fiom electrical i 
stiniiilation of cerebral cortex. Me- , 
Cullodi, 218 

piccentral motor cortex, i on Bonin, 27 . 

McCulloch, 214 I 

piojections from precentral motor cortex 
to corpus strntimi. McCulloch, 222 | 
stmiuhtion of (>rcccntral pxrU' rt'ults of 
Hines, 469 

sulcal jiattern xon Bonin 31 
“Sutanne,” connections to atr.i b from i 
fhahmu«, IValkci. 126 ' 

lemur, i>recentMl motor cortex, xon Bonin, i 

13 

man, areas enmj: motor in<l ceii'orx re- 
spoD'cs tn central sector. Penficld ami i 
Boldrey , 350 

Autonomic representation. Kenmnl and 
Kneg, 305 

cerebral cortex, arterial 'Uppl' . Ikiilcc . 62 | 
c^toirchitcctuial areas, Vogt'. Focr-ter 
264 

cjtoarchitectural and functional Mibdi- 
c ision, Vogts, 266 
cxci'ion and subpial di'scction. 

Walker's C.t«e 1, 116. H» 
lateral surf ice. Campbell. 10 
lateral and iiicilinl eurfict*. II 
t on Econoiuo and Koskina-. 12 
points from njiicii motor re»j>on'Csuere 
obtained, Penficld and Boldicx 31S , 
rc'pon'ue, Foerstcr. 330 
xeius of. Bailey, 03 

frontal eje fields, Penficld and Bohlret. 

331 , 

precentral motor cortex, xon Bonin, ii 
cxci'ion, 

of “arm” area, Diicj » Cj'c 2. 362 
Bucy’s Case 3, 367 
of “arm” and ' leg” .»re.>«, Buej ' 

Case 4. 374 
Biicy's C.i'C 3. 391 
Biicj s C.i-e 6, 392 
ol “leg” area, Buex’s Ca'C ) 350 
McCulloch, 214 
monkey, area is, Hinc' 267 
area S, Richter and Ilinc', 267 
area of firing fiom 'tr>ehnini 2 .ition of a 
point in area 4, McCulloch, 230 
arca« of sCD'ory anti adj icent cortex 
bi'cd on piixsiolocic.U neuronogri- 
phi, McCulloch. 23J 

cerebral cortex. c\ toarchileclural stibtli* 
M'lon, Brodminn, 249 
clTects of stimulation of fetal brain 
Hines and Bointon, 475, 476 


Maps (illu'trations) (continued) 
inonkex* (continued) 

cerobial cortex (continued) 
electrical extitabihfy, Horsley and# 
Sclufer, 311 

fissur.il pattern of lateral side. \ on 
Bonin, 22 

lommi'^iiral fibeis, origin, McCulloch, 237 
cortico— triat il tonncctions, Du"cr de 
Baicnne, G.irol. and McCulloch, 270 
facilitation, sccondarj, McCulloch, 217 
fiontal motor ere fields, W. K Smith, 
313 

intia-aroal cortico-cortical connection', 
MtCulloch, 232 

precentral motor cortex, xon Bonin, 17 
McCulloch. 214 

seosoiimotor cortex, Dii"cr de Bircnne, 
260 

strip 4%, Hines, 267 
orang. 

ceicbial coitex, m>eloarchilccture,MaU'«. 
26 

electrical stimulation, Lejton and Sher- 
iington, 325 

frontal eye field', Beexor and Hor'lcx, 
321 

Mxrcihxd i course of central sulcu#, 29, 30 
'Ulcus opcTCuIari', 31 
Marclii method hmitationa, 466 
to (lace nerxe fibers and ti icts. 113, 135 136 
Mciue. P Bets cells dwappeared from area 4 
in amxotiophic lateral scIcroM# 427 
Mxbisfsco. G, fixation of jiroximai raii'des 
alter removal of precentral gyrus, 4S3 
mu'cular atropln following remo'al of pre- 
central gyru*, 48S 

McR'iutL, W H . actiiity of coi tieal field', 58 
afferent impulses to precentral cortex, 45n 
Martinotti. cells of. Sic Cc]l'< 

Mastication m lesions of area 44 , 420 
moxemetU'. mlubitioti from area 87, 319 
MxTtUExxs-, ii H C, recording potential' of 
the central nerxous sXstcin, 85 
MxC" T area S. map. 336 
.uea 3/ in monkev, 232 
cecebril cortex of micaque, mxeloarchitec- 
fiire, 17 

cx'iebral cortex of orang. my eloarchitectural 
map, 2C 

M\i. W PxiE retrograde cell degeneration 
I after henu'cctian of spinal cord, 145 
( Mxxer, O. number of cell' in cortex in rela- 
I tioQ to 'lexel of organizition," 61 
McCeLEOCII, S, XII. MU, \I, Xll 
I actixitx of cortical fiekK 58 

I am 4'', 4 18 

superior precentral sulcii' as landmark. 32 
area 6. direct connection with globu« pxl- 
hdU', 13S 

arets 6rt and 6b. characten-lic®, 5 
area 6b, subdixi'ion of the Vogts not con- 
firmed bx', 19 
cerebral sulci sclicme, 29 
coitico-cortical connections. 211 
cortico— triate projection of suppre—or 
areas. 137 
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McCulloch, W S (continued) 

c>loarchitecture, precentral motor cortex 
m chimpanzee, 25 
ejectncal recording, mi 
on excitatory and mhihitorj processes with- 
in motor centers of the brain, 6. 173 
frontal eje fields coincided with frontal 
suppressor area, 327 

functional organization of primate brain, 35 
functional relations between \arious corti- 
cal bands of chimpanzee. 271 
maps, area of firing from str>chnintzation 
of a point in area 4, 230 
areas of «ensorv and adjacent cortex, 232, 
233 

arm area of chimpanzee, location and 
functional subdi\ ision, 261 
of con\exity of hemisphere, indicating 
origins of commissural sjstems, 237 
cortico-atnatal connection in monkej, 270 
motor responses resulting from electrical 
stimulation of cerebral cortex, 218 
precentral motor cortex, 214, 2J5 
secondari facilitation, 217 
schema, connections of sen'orj' cortex and 
lateral sensorj thalamic nuclei, 216 
projections from precentral motor cortex 
to corpus striatum in chimpanzee, 222 
subdivisions of cerebral cortex, need for im- 
provement, 70n 
“suppressor area,” 52 
Medial lerani'CU', See I^inniscu* 

Medulla oblongata, roof nuclei of cerebellum 
connect with, 2S2 
fibers, cortico-spinal tract in, 145 
cortico'tcgmental fibers in, 144 
pyramidaf, degree of decussation at 
lower en<h 1^6 

of pjramidal bundles terminate in, 155 
unmyelinated and noelinated in medul- 
iarj pjramid', 151 
infarct, 430 (illus ) 

tegmentum, precentral motor cortex «ends 
efferent fibers to, 465 
Medulla spinalis, Sie Spinal cord 
Medullarj pyramid-, See I’jramid- 
Mellus, E L , cortico-pootinc tracts, 142 
degeneration of cortico-nigral fibers after 
precentral lecion-, 141 
motor area m the nucaque, 17 
study of projection fiber* from precentral 
motor cortex, 136 

Mendel-Bechtercw sign. See under llcflexes 
Meningioma, of frontal lobe, signs of ntaxu 
in, Frazier noted, 416 

in paraccntnl lobules, piralvsi* of bowel 
and bladder from. Duej 's Cas? 7, 393 
Mental activity (.S'm nNo Intellectiul defint. 
Intelligence ) 

confu-ed or slowing, di-ea-e of area C, 419 
Mental dMoriier-. Hnnotro)>hic lateral sclc- 
ro-is with, 439 

from frontal le-ion*. change*, 323 
Ment.ilitj. Sie Intelligence; Mental actititv 
Me-cnceplialon. cortico-tcgmcDtal fiber*. 141 
fibers from i«recentral motor cortex. 140 
rncchani-m governing niovenienls of ejea 
in, 309 


Mesial index, 21 
Meeocortex, 78, 80 

Mettles F. A., coined term '‘homoiotopic,” 
236 

fissural pattern of brain of macaque, 20 
sulcus fi, 23 

Meyers, R, observations on cerebral opera- 
tions for abolition of tremor, 402 
phenomenon of “denervation,” 53 
Metnert, T, conception that movements are 
indu<^ from coitex by “motor images,” 
206 

Mejnert, sohtarj cells of, See Cell* 
Microelectrodes, recording with, 110 
Micturition, See Urination 
Midbcam, See Mosenceplnlon 
Middle ccrefaial arterj, See Artenc* 

Aliddle frontal gjrus. Sec Gyrus frontal 
"Aliddle level,” Hughlmgs Jackson's term, 461 
Mikulicz, J von, ablated abnormal foci from 
brains of three patients, 246 
MiLCii, E C, definite order m number and 
distribution in cortico-cortical connec- 
tions, 259 

Mivcvzzim, G, course of central siilcu-, 29 
deep anneetant K>nv« between upper and 
middle thirds of central sulcus not ob- 
serv cd bj , 30 

introduced term "arcuate sulcu*,” 23 
sulcus opercularis, 33 

Minkowski, M precentral association pilh- 
wajs. 148 

“Moduljiion" of ficquency in activated ele- 
ments, 93 

Monskow. C von, composition of the 
pvramui, )46 

cortical localization of function bj eloc- 
(rieal stimulation, 245 
cortico-nuclear fibers, 144 
origin of Arnold's bundle, 143 
origin of eortico-spinal tract, 146 
Momz. E. originated prefrontal lobotomj, 
302 

position of ana-tomotic vein of Trolard, 61 
Monkey, area* 4q and ir in, comparable to 
areas iy and Jia in man, 213 
catarrhine, precentral motor cortex in. 17 
decorticate, movements of, limited and in- 
appropriate, 210, 232 

dcNtruction of frontal lobe involving ocular 
responsive region, effect, 322 
frontal efferent fiber* in internal cap-iile, 
dislnbiilion, 137 (dug ) 
frontal c}e field- in, 310 
infant, Kennard's ob-vrvalion on biliKnl 
removal of area* 4 and 6, 381n 
motor dev elopnient, relation of precentral 
motor cortex and pvramidil tract. 
480 

reccAor invieli more than adult- afiir 
le-ions of preeinlral nioforeorlex,275 
platvrriiine motor area in, 15 
precentral motor cortex. 17. 214 (imp) 
pvrimidil ]e-ion in, rffict, ICI 
thilanio-corlir il eonniN’tion* m, 2Si, 2V> 
(diag ) 
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Monkey (s-pecies) 

aloiutta. motor cortex of, 16 ) 

outline of hemisphere, 15 
cebiis. Betz cel!' not found m parietal sub- 
sector. 17 

cell Mze in relation to size of Betz cell' 

65 

precentral motor cortex. 15 16 (illu^- 1 
relation between are.ai boundtra and 
central sulcus 6S 

cercoceb«-». Betz cell-* not found »n iwnetal 
sub'cctor. 17 
cercopitliecU', 

calhtlirev ocular re-pon'iae field. 312 
c\ toirchiteetural and functional siibdi- 
Msion of cerehnil cortex. 219. 266 
frontal eae field', location, 312 313 
subdui'ion, 314 
llapaic. 15 

ilfncncrt niKlottd. .are.i' (i and 44 in 232 
(map) 

.area of fiiinj: from stTX-chnintration of a 
point m area 4. 330 

areai of sensorx and adiicent cortex 
based on phjsiolojtical neiironogra- 
phj. 233 (map) 

capicity to reorpanize intecration of 
motor perform.ince up to two tears 
of a;te, 275 

cerebral cortex and are.x S 267 (map) 
coatcxity of hemisphere indicating origins 
of commi'suml sjstem 237 (map) 
cott\co-*tn\t.\l connections. 270 (map) 
frontal e.ve field, and .nrei iteldinc 
clo'ure of e>es, 313 (map) 
location. 312. 313 
subdiiision. 313 

hvperactnity from frontal Jobe lesion*. 
323 

secondary facilit ition. 217 (map) 
seosorimotor cortex. 260 (map) 
stiycbnine spikes from postcentral face 
area, 226 (oscillogram) 

Suppressor effect from nrei 4s, 220 , 

d/flcaca suiicu, electrical excitabilit3 of cere- 
bral cortex, frontal eve field-, Horslej 
and Schafer, 311, 312 ' 

region of cortex >ielding ocular move- , 

ments. 311 

siibdiv isioos of frontal eve ffelj- 314 i 

-IfncociH rficsii*, .irei 4. 104 (sketch) 
macaque, arei 4. IS (illii' ) i 

area 4> single in. but two di-tincl hands 
in chimp Inzer, 69 i 

toral number of Betz cells in. 66 I 

V ohime. 66 i 

areas 4, t‘- and 44> comp ire*! with I 
that m mm. 70 I 

area 4«. 19 ' 

•.vrexs 4* ivTui G, bound vtv vletevmvned bx ^ 
electrical stiimil ition. 473 I 

area ff. 20 (illu' ) 

anterior boundary ni.arfced by arcuate | 

Biilcus. 6S ' 

area44.21 (dlu') . 
area 45, 75 

areal bound irj and central -iilcii', 6S 
brim weight. 65. 66 (graph) 


I Monkev (species) (roTitiniied) 
macaque (continued! 

cell' {•er unit v oliinie in .‘irea 4 twice that 
m ni.in 66 

cerebellar lesion', sv mptoni' not so pro- 
nounced 200 

tetu', holokinetic movement obtained by 
electn<ril stimulation. 475 
stmiuluion of cerebr.il cortex, results. 
476. 477 (illus > 

fi-crural pattern of lateral side of cortex. 

grav/cell coefficient m rclvtion to br.un 
weight 65 66 (graph) 
intaDt. rerebral cortex. 476 (iHus ) 
focal convul'ion' in. not caii-ed by 
stimulation of pieccntral motor 
cortex. 441 

preientral gyrii'. deiclopment of ex- 
citabilitv. 475 
results of stimulation 477 
stiotulated ind spout .ineous tuov enicnt », 
development 47S 

prcceatral gyxu'. arr-inBcmcnt of excita- 
ble i’omts in. 470 

repre-enfatiOD of imper and lower ex- 
tremities jD 470 
prcceoinj motor cortex in. 17 
prccentnil sulcu- (superior), only small 
dimple in 65 

re|>Te-ent.ation of face arm, iind leg in 
thilamu'. 120 
Rolandic indices. 23 
-trvcbmne spikes. 227 (illu- ) 22S 
from aret t focus, 229 (illu- ) 
propagation 1^5 

strvchniaizitiOD ot .iret 4 in 235 (O'CiI- 
logram) 

stippre-sion of electrical activitv of area 
4a. 339 240 

thalamic fibers to area 0 more numerous 
in chtmixiQzce. 125 

iu.ingabee Betr cell- not found m parietal 
subsector, 17 

Morisox B R recording .ictivitv ol hippo- 
campus and literal gyrus with miero- 
eleclrodes. 110 

MofUsox. R S,. record' of localized re'ponse* 
from cortex of rat following stimuhfion 
of thdaniU'. 1D3 

Morphine narco'i-. Sn Anesthe'H 
Motivation, rel.ition to recoven after injuTy 
of cortKsil ti'-ue, 274 

Motor activilv (5i« oNo Motor repTC'enta- 
tion, Motor re'pon'C, Movements) 
control, by area 4, clinical ob-ervatioH', 
24S, 252 

areas 4q. 4r. >vnd (<, 2(6 
by area C, localizition in. 262 
by cerebellum and basal ganglia, 45 
by cerebral cortex, 206 
'first focal function to be di-covercd, 
245 

importance of area' 4 and >' m. 
bv central sector, 214 
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Motor actnity (continued) 
control (continued) 

bj neural axis, Hughlings Jackson con- 
cept, 159 

by postcentral area, 270 
by precentral pjtus m growing monkej, 
479 

de%e!opment m infant monke>, precentral 
motor cortex and pyramids >n relation 
to, 479 

somatic, role of phasic function of pyrami- 
dal tract. 170 

Motor area^, Sn Areas of cerebral cortex, 
motor 

Motor cortex, of aloiiatta, IG (ifhis) 
of cebii', 16 (ilhi« ) 
phy logenesis, 44 
of primates, 15 
lelation to shncring, 301 
thalamo-eortical fibers and their ple\ii'e«, 
39 (illus) 

theory of, "feedback svstems,” 58 
role of cortical field in. 67 
Motor epilep'j, 248 

Motor eje field. See Frontal eje field, Oc- 
cipital motor eye field 

Motor neuron lesion, upper and lower, 462-463 
>Iotor representation, in central sector of 
man, 350 (map), 414 (homunculus) 
iiv cerebral hcmiftphete, 262 (chart) 
m precentral motor cortex, 349 (outline), 
352. 491, 492, 493 

on stimulation of human cerebral cortex, 
348 (map) 

Motor re«pon«e (See niso Motor actnity ) 
from area 3, 21^ 
from area 0, nature, 220 
from cerebral cortex com exity, 219 
from stimulation of cerebral cortex of 
chimpanrce, 218 (map) 
from -limulition of precentral and po«t- 
central B^rl, 347 

<U|i]ire-sion of, descending path mediating, 
221, 232 

le-ions of c.iiulite nucleus <!o not pre\CDt, 
221 

Motor speech center of Ilroei, 81 
Motor system, role of cerebellum in main- 
taining lone of. 131 

Mott, F \V , Hrodnnnn’s areas 4 and 0 in 
lemurs, 15 

locition ol Irontil o'c fields m monkex, 
312 


ronC' 111 frontal e\c fiihU, 315 
Mouth (brt n/*i, Jiw; lap. Tongue) 
.ihnorniil -(.ii-ition with le-ion* of ana 44, 
420 

moioment of, stimulation of .»rcj J cau-e*. 


Mo\ ciiient' (.N c nIso Motor net mix , Motor 
rcprc'cnf ition; < Ic ) 

.I'.'ociafeii rill i-'d bv di-truction of px- 
ramidil tnet. 4*10 

circling, after dc'triiclion of frontal «yt 
field-, not pre-ent in man as in 
monkiys. 334 


Moxements (continued) 
circling (conlmtied) 
after lesions of frontal lobe, 322 
after unilateral removal of frontal exo 
fields, 328 

control, cortical, 161 

localized and somatotopical, m cerebral 
cortex, Hughlina« Jack-on concept, 
159 

unique feature of coitico—pmal function, 
169 

dc«criptiic terms Used in inteiprefing, 462 
di-erete (Sec also skilled, belou ) 
control, (unction of pxr.imuhl tract, 161 
plia-ic function of pxTaniidal tract, 170, 
171 

role of area 4, 437 

role of fibers from Relz cells in, 171 
test of pyramidal function, 169 
lesions of precential motor cortex, effect 
on, 457 

lo-s fiom unilateral pxumidal Ic'ions m 
man, Haii-roan cisc, 167 
disorder, result of pxiiniidil lesion, 163 
IM 

eliciting, foci for, arranged in dor-o-medial- 
xentrolatcrnl order m pxramidal tract, 
159 

precentral motor coitex, xii cxtrnpxrami- 
dal fibets from 480 

by sine xmxe current fioni precentral 
gxrus in macaque infant, 47on 
by stimulation, 

of cerebral cortex, tontralitcral, rarelx 
ip«ilatcral, 348 
lii'torical a-pect, 215 
in man, 159 

of precential gyru«, in louer cxtrcmitv, 
^1 

extnpy ramidal, ch incteri-tie of area 4 and 
aioa C. 161 

of eyes. See Eye*, moxcmcnl* 
of head. See Hcjij 

holokinetio, non-jiy ramidal txiic, obtained 
in nuciqae fotu-, 475 
HlioVinetJC. ehcitrd by elr-clncxl ptimul ition 
in macaque fetu* 475 

iin|>UTmcnt after rmioxal of .are i 4 .«imil ir 
to section of px ramid*, 4S5 
intecralion, from cortinl stiniid ition. 160 
inxolxvntaiy, 250 

.iblition of precrntril motor corirx ‘■iib- 
dued. 273 

ba-al gincli > in r< I ition to, 272 
of ihoreo-ithclo-i*, l> irbitiirati'* will 
aboli'h. 398 

exiwnmcntal j-rodiiction. 273 
pitliogcne-i-. 403 

preccntril motor cortex in rtlalion to. 
395. 397. 4S9 

pxriniKlil tract in nlitiun to, 4S9 
l|>-iljteral. cour-<- of fd>er- from jiricintril 
motor cortex r<-pon-ible for, 493 
I'Olilcl. contrditeral lo-s of striking fol- 
lowing le-ion* of uri j 4, 414 
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Mo\eroeQts (con^j/iKfrf) I 

rapui alteroating, 

TO peyionQjn?. asB o< Itoo^al 
lobe ttiiDor. 416 

Symptoms with legion' ot area b, 416 i 
repiesentation. See Motor Tcpreseniation 
skilled (See (tho di'Crefe. obme) 

impairmeDt, m am\otrophic lateral sole- ' 
ro-15, 436 

m Huntingtons cliorer 43“ 43S, 439 
sonialotopicallv organized p\trap\ranud»l. ' 
161 

sfumdated and spontaneoii', derelopnirnt 
in growing monke\. 478 
topicalK orgimred b\ p>raiuHU! traet. IGQ 
\oluntarj, inner; ation of m mm b\ pre- 
central motor cortex 3S3 
irregularity, syruptotu of ccrebellxt 
lesion-, in in in. 290 
neocerebelhim influence-, 2S9 
paralysis from lesions of piecentral motor 
cortex, 43“ 

Mlnk, H, conception that moxement- .are 
induced from cortex b\ motor imigcs 


cortical localiz.ition ot function b\ electri- 
cal stimulation. 243 
epileptic seiriire- cflect of iiiori'hinc 
n ircosie, 209 

extirp,Ttion of cortex stopped 191 
M'lul sphere (probibh occipital 'Upj>ressor 
area, area 10), 205 

Mu-cle- (Sif oKo Motor aetixux. Motor 
respon-e ) 

atroplij, Su Atrophi mti-otihr ' 

axial, pjTamidal tract oiicrate- bibteraJK 
on, 169 I 

contraction. See Contraction 
contracture. See Contracture 
exten-or. in lower exlrenutie-. tecoxerx 
from paralysis greiter in after ex* i 
ci-ion of precentral motor cortex 381 
extt i-ocuUr, xolunt ir\ inoerv ition bx area 
S, 4 I 

flexor, rccoierj from pai.disi- greiter in 
upper extremitv. 381 

interdependence of central nenoiis s\-leni 
m (i^e of. 490 i 

lo-.' of function, from le-ion- of pretentral ' 
motor cortex atTect- ililTerent mu-cles . 
in 1 arious degrees, 4S2 
in -pccific pirt 1 - greater with large oi 
with bihteral ie-ions thin with I 
limited ones. 4S3 

nioi ements. S<c Movement^ i 

ociilai. St( El e-, nuiscle-. 
reaction time, Bem-tem md Steiner ob- j 
senalion-. 1S7 | 

latent time computed in second-, ISS 
rclition to total reiction time of re-jxin-e 
from cortical -tiniulition. 1S7 
relaxation. Sec Relixition 
representation, extent, in motor cortex de- 
)>ends on their number and intncaci. 
not on size, 351 


Mu-cles IcoHtinued) 
roprecenfation Uontiiiucd) 
in precentral motor cortex. 352. 491 f! 
ipsilaterai. m precentral motor coifex, 
384-385 3S7 

ot single mtisclcs m area 4 262 
m precentral gini-. 491, 492 492n 
in precentral motor cortex, 470-471 
skeletal, 

(octroi, luioute defectiie, iiio-t reli.ible 
-tgn of pvr mud'll lesion. 169 
idiostc function of pM.imidal trait, 170 
171 

preccntril motoi coiiex in rchfion 
to, 3 

precentral motor cortex onh region of 
lerebril coifex with, SSI 
-\ia'ticit\ Set spA'ticitx 
-tcmocleidoniasJoid ipsilitcral coitic.il con- 
trol 161-162 

-friate lolimtan inner; ation 4 
SMiiptom- 01 COM bell ir le-ioos in mm 290 
tone (Stc aUo Flaccidit; . Rigidity , Sim— 
ticitv ) 

cerebellum influence 131 
piramidai tiact. influence 165 170 
M;elairchifecture (S«t nJ^o Maps ) 
of urea 4*/. 36 

first described b; Ciiupbcll 35 
ID man. illustration of Cajal and of 
\ ogts, 34, 36 37 

of .area gigantocellulan- of the Vogt-, 36 
ot areas in precentral cuotoi cortex in man 
33 fl 

of areas in relation to clectiical recoid- 
ing, OS 

N, small dimple on frontal opciiuliim 23 
N.arcosis. Ane-thcsu 
Neck representation in precentrd motor cor- 
tex 349 

tonic reflex. See Reflexes 
N'egrocs number of Betz cell- on leit side of 
brain in 22-\eir-old ;; Oman 41 
r.anu or branclie- of S\l;ian fis-ure in pei- 
centage in right and left hemi-pherr 
60 

Rolindic iDdice-. 23 
Xeocerebellum See Cerebellum 
Neo-tnatum. fibers to substantia nigri, 141 
Nene, axons .Sec .\xons 
cell'. See Cell- 

cells with short axon- See Cell* 

(ranial. Set Cranial ner;c nuclei 
dendrite-. Sec Dendrites 
clectncal recording from uv ,i conducting 
medium. 8S 
fiber?, Sti Fibers 

irapul-e, afferent, specific for each toi>- 
Ogtaphic zone of p;T:imidal cell, 44 
definition. 8“ 

efferent, from area i'/ origin, 44-45 
grav mitter a mediator of motor im- 
pul-es, Bubnoff and Heidenliam, 205 
m linear tract immer-ed in a conducting 
medium. 89 
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Nene {continued) 
impuUe {continued) 
propagation of, 88 

actn itj' along a ner\ e axon constitute^, 
87 

isolated, electrical record for, 87 
nucleus. See Nucleus 
optic, See Optic ner\e 
pavaKs!', See Paral>sia 
peripheral, stimulation of, diminished corti- 
cal excitabilitj , 190 

plexus, Sec Axons, Fibers, affeient, plexn-- 
reflex. See Reflexes 

'en'orx stimulation influence on process of 
cortical excitation, 190 
tract. See Tract. 

Nercoiii «vsfeni autonomic, c\idence of coi- 
ticai control, 295 

centijl, action of “higher" le\eU upon 
‘•loxvcr’ Icxels. 463n 
“centers” in, 463 

intcTiiexicniience in legation to nniscirtat 
function, 490 

lesions, iccoicit of function following 
274 

“spontaneous” electrical records from, 107 
(li'ordcrs, functional, a<-«ocnted with altcr.i- 
tioiis in lUitonomic functions, 2^ 
Neural niccliini«m, of choieo-athoto^H, 404 
(diag } 

of intention tremor, 403 (tfing) 
of pd^kln^o^I m tremor, 400 
Neuron (See alto Motor neuron lesion) 
lertictlb oiiented, acts as a |>olarized 
laicr, 05, 96 

Neiironographj, phjsiologie.il 5cc Str>chnin- 
izition 

NeiiiO'C*, CNperimont il autonomic changes 
in with c.iuUic aTih>thnni, 302 
New bom. See Infant 

NiiL'-rs, J M , orginizcd diH m understand- 
ing di'tinbinces of language, 420 
Ni-''«i,r ' leiel of organirition." 64 
inethoil of tracing nene fibers, 113 
\i5'l reaction, Sit lU-trogride tell dtgenen- 

\oi--e, Sc » Sound 

Noniencl iture. Sic Definition- and terminol- 

\on-<onutoto]iic leiirc^ent-ition in precentral 
motor cortex 384, 493 
Nucleii-', iinlcroicntnli^, .V< Tli.dimn- 
cuulilc ilo'tiiKtne Ic-ion- jn clioretj-atlie- 
fo-H, 405 

clcifncd acliMti, t>srntid to suppre*!- 
slon 210 

exci'ioii and troiiior, 273, 402. 452 
fiber*, 

afTiicnt. 221. 222 (dug ) 
cortico-'lri It il connection- in 
nionkex 270 (imp) 
corlieo— tri ital projection of areas jr 
and 8, 137 
from front il e\o 


Nucleus (conltnwcd) 
caudUtc (continued) 
fibeis (continued) 
afferent (eontiiiucti) 
stratum gubcallosum pathway from 
cerebral cortex, 137 
supprc«-or aiea projects to, 221 222 
degeneration of unmyelinated nene 
network in Glees reseaich, I37n 
lemons do not pieient siippres-ion of 
motor ro«i>on«c, 221 

reJ^rence eiectioiles placed 'inteiiorh 97 
centfum medianiim. See Thalaniu* 

Cl inial nerxe nuclei, See Cianiai none 
dentate See Ceiebcllum. nuclei 
embnhforin, See Cerebellum, nuclei 
f istigial, See Ceiebelhim, nuclei 
globose. See Ceiebcllum nuclei 
JDtci mediate. See Cerebellum, nuclei 
Utetal, See Tlialxmus 
literal gcmcuhte. See I.iteral geniculate 
body 

laterals dotswbs Sic Thalamus 
lenticular. See Ri»a! ganglia 
degeneration. See Hepatolenticular tie- 
gcneiation 

of Lios, fibers cannot bo traced into, 139 
heniiballisnnis, anitoniical lelation to, 
405 

medialis dorsilis, Sec Thalimus 
pontine. See Pori' 

red, anterior (microcclluhr) portion, 139 
atrophy associated with cerebellar atio- 
phj.289 
connections, 

affeient exiropjramidal, 447 
from areas i, and fl, 465 
from dentate nucleus 282, 289 
fioni emboliform nucleti*, 282 
from frontal eje fields, 339 
fiom superior ceicbellar peduncle, 288 
cerebeJIo-rubro-lli il inio-coitic d, 131 
with leicbral cortex, 288 
dentato-iubro-thalirnii, teimimte in 
iintrolitcral nuclcu*, 116 
offeient to iirmntral motor eoitcx, 
unconfirmed, 130 
superior ridution, 13Q 
with iincontrjl motor cortex 130. 289 
function. 289 

nibro-ohxary sv-teiw 2S8. 289 
Mfuctiire, 2SS 
ruber. See reil. obrjir 
subtil d <niic. S( f I.in* tiboii 
toitd. conmtfioiH with ccrdjilhr cortex, 
281. 282 

thiUmic, SfC Tlnlimii* 

\entrilw, Sf« Tliilumi- 
xcstjbuliT, SlUtion to exe inoicmcn'* 339 
Nujjorcune, Srt Anr*tlie'ii 
Nj-tagmiH contralateril, from ftiinuhtion of 
arci S or fiifi of the Vogts 320 
Mgn of frontal lobe tumor. 410 
I from stimiilition of front il cm 
1 317, 318 


fit hi-. 33S, SSI 


fichl-. 311 
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Occipital lobe, association fibers to, 148 
origin of cortico-pontine fibers in, 155 
parastrnte and striate areas in, 9 
striate area, functions, 3 
Occipital motor eje field, lesions, differenti- 
ating from those iniol'ing frontal eae 
fields, 332 

Occipital sulcus diagonalii. See Sulcus, oc- 
cipital I 

Occipital suppressor .ire.i. See under Arei' of | 

cerebral cortex i 

Occipito-pontine fibers. Sic Fibers 
Ocular, See E>es, Oi>tic I 

Oculo-motor cortex. See Frontal eve field ' 

and Occipit.al motor eye field 
Oau\A. T , chanicteri'tics of area 6n and *6,5 I 
subdnision of area *6 of the Vopl« not ' 
confirmed, 19 

Oldberg, E , XI I 

anterior chordotomy abolished athotoid 

moiements tempor.inij . 399 i 

0'LE.^Rr, J L . XU 

dendrites reach beyond l.ijer IV. 56 
cxtcnsnelj arborizing tvpe of cdK 39 
role of architectonics m decipherine the I 
electrical actiiitv of the cortex. 83 
1 i-inl cortex, of the cat contains a signifi- | 
cant overlap into adjoining are.». W 
limit?, practically coextensive with cvio- 
arciiitectural limits 93 
Olfaction, See Smell 

Olfactory cortex, cortico-hvpotliahmic tract' 
arise m. 139 ' 

Olfactory tract, fibers passing tow.»rd septum ' 
pellucidiim, 139 
Olive, 

mfenoT, ntrophv associated with cerebcllir ' 
atrophy. 289 

connection*, with cerebellum 28S 
with precentral motor cortex, 2S9 
with epinal cord, 289 
oliv o-ponto-cerebellar atroph) . 289 
Opening of ejes. See Ejclid* 

Operation*, See Surgerj 
Operculum, 

frontal, small dimple on. called \ and al'O i 
subeentralis anterior, 23 
S>Kian fi'sure ranii cut loto. 60 
frontoparietal, development from cebu< to 1 
man, ”4 

Rolandic, aieal pvtiem on.vaiieswidelv.TO 
Optic nerve, , 

stimulation, effect on clcctrocnccplialopr.im, 
107 

po'ition of cleclrode* in rcLition to. lOT | 
Optic pathway {See aho Vi-ual cortex) 
of cat, electrical recording from. 95 
Optic thalamus, St c Thalamu- I 

Optic tract, See Tract ' 

Orangutan, front.al eje field- m 324 (ilhis ), , 

325 (map) I 

electrical excitation, 325 | 

mv eloarchitectural map of cerebral cortex. 
26 

Orbital agranular area. See otbitali* agraon- 
laris under Areas of cercbr.tl cortex 
Orbital sulcus. See Suleu* I 


Orbito-frontal sulcu*, See Sulcua 
Oscillograph, electrical activitj recorded by, 
236 

Page, I., chemical eompo-ition of brain 
tissue, 255 

Palate, difficulty in control of, with lesion of 
area 44. 420 

represcatatvoa in precentral motor cortex, 
349 

Palcoccrcbellum, See Cerebellum 
Palbdmu, See Globus palbdu* 

Palsj See ParaljMs, Par.ilvsis agitans, 
Peciidobulbir pal-y 
Panting, polypneu, relation to cortical 
change? 298 

Pvpez. J \\ , fibers from neo-tnitum to sub- 
stantia nigm, 141 

neural mechani-m of choreo-atheto-is, 
modifie<l schema, 404 
origin of Turck's bundle. 140 
thalamic radiation to precentral sub-cctor, 9 
Paracentral lobule, contains foci of foot toe~. 
bladder, .icd rectum. 350 
moningtoiua. paralysis of bowel and bhdder 
from. Duo's Case 7, 393 
Paracentral region photoinicrograjih showing 
degenerated fiber tract, 127 
Paraivst*. area 4 lesions taii-ing. 413 
.irea 47. ‘arm’ area, tollowing removal, 
Putnam’s case, 361 

area 4Y. “leg" area, following remov.il. 

Buev 8 Case 1, 361 

urea 6 destruction docs not cause, 487 
of bowel and bladder, 303 
cajisular hemiplegia tremor ot p.irkin' 0 a- 
i-m disappear* with, 450 
cortical, anal} sis, 250 
focal, more or less tran-ient following 
lesion of area 4. 414 
of ev es, 6Ve Lj cs 
flaccid, early analvsi*, 230 
causes, destruction of area 4 onlv 429 
destruction of medial leniniscu- oi 
cerebellar p.tthwjj* with pjTatmdil 
tract 430 

excision of precentral gvriis in man. 357 
excision of precentral motor cortex, 
later becomes spa-tic, 381 
Vesion oi area* 4 and i> witb cerrbr.d 
thrombosis 432 

occlusion of cerebral artery. 431 431 
pyramidal lesion in cat, monkev . or 
cbimpanzee, 163 164. 165 
pyramidal lesion in man, Hau-man 
case. 167 

hemiplegia, associited with m'oheiuent 
of sensorv coitex or pathwavs, 431, 
432 

with cerebral thrombo-is. 433 
hemipl^ia {See aho flaccid hemiplegia, 
oboff. and spastic hemiplegia, beloic ) 
autonomic system changes m, 296 
descriptiv e term*. 462n ' 

edema .and increa-ed capillary permeabil- 
ita vvith development, ea*e report. 
297 
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Paralysis (continued) 
hemiplegia (continued) 
e\ci«ion of “leg” area of precentral motor 
cortex, Buej s Ca«e 1, 358 
Ilau'KiaTi sjndtome of unilateral pyram- 
idal le'ioa in mao, contra-ted with, 
168 

iP'ilateral, ptramid' uncro^^ed, 157 
m man, dysfunction of pyramidal tract, 
TiircLs ob-er\ation«, 158-15d 
recoi erj in, capacity and nierhani'm, 276 
' return of power” in, 481n 
"•wealing and la-omotor function with, 
alteration-, 297 

tremor, at rest, diaippeared, Parkin-ons 
ob-enation, 397 

of jiarkm-oni-m, aboli-hed, 397, 400, 
450 451 

\asodilation in, 297 (OB'* reiiort) 
infantile, S<e Pohomjeliti« 
local, after lesion of precentral gyni'. 413 
symptom with lo-ion of aiea 4 > 413 
paraplegia, congenital cerebral spa-tic. Ab- 
dominal reflexes actixe m Little’s 
di-ea-e, 390 

p-ciidobiilbar, iiec Pseudobulbar pal-y 
recoicry from, after remoxal of precentral 
motor cortex, 381 

spa«tic, after excision of '‘arin’’ area of 
precentral motor cortex, Bucy » Ca-c 3, 
866 373 

‘ ela«p-knife” type after exci«ion of pre- 
central motor cortex, 381 
congenital (Little’s disea-c), abdominal 
reflexes actiie m, 300 
diagnO'tic Signs, 412 

destruction of areas 4 > 4 *, And i7 taii-c-, 
429 

nrly analy-cs 250 i 

II Ill-nun syndiomc of unilateral pyrom- | 
iilal lesions in man, eontri'leu with 
ICS I 

hemiplegia, exci-ion of “arm’ and "Jcc’ I 
irei« of precentril motor cortex, 
limy '"I Ca-e 6 392 

lift oxci-ion of ••arm" and 'leg” areas 
of precentral motor cortex, Biicj > ' 
Ca«e 5 391 

occlu-ion of anterior cerebral artery 
iju-c«. 431 

occlu-ion of mid<!le cercbnl artery 
iisuallx civi-i», 431 4^11 
of spicific flirt H greater niib hrge or 
bilateral le-ioni thin with Jiniitcil 
lo-ion, 4S5 

tiiiij'orary, ri -lilting from cxii-ion of pre- 
iinlril motor cortex. 3S0 
Todd ■<. defined 411 

inn-um, coiiipliic .ind llicoid, after dc- 
slriRtion of an i 4, 263 
volitional nioMiiitnfc re-ult from le-»on< of 
jireunlral motor cortex, 437 
l’arilv-i< agitan-i (parkin-oni-iii). 448 iSci 
„h.> Triinor at rc -f ) 
irierio-cli rotic, 449 
ithero'derolic, 419 ^ 


Paralysis agitans (continued) 
idiopathic, 449 

no lesions found m areas 4- or 8 m 
449 

pathogenesis, Cendv-Cobb hypothesi- 
406. 407 
pathology, 405 
po-t-encephalitic, 448 
changes in areas 4f and S with t a-e 
12, 418 

invoUement of area 6 in, 447 (illu- 1 
418 

origin of movements of lips, tongue 
jaws, pharvnx, larvnx. and eve’< in 
488 

snbstantia nigra, le-ion« m, 405 
tremor, 

aboli-hed. by de-triiction of iiyrainidil 
tract, 451 

b\ development of hcmiplegi i. 397, 
400 450 451 

by removal of areas 4 and 6, 451 
by tcinoval of • premotor cortex," 451 
by surgery . 449 

at re*t, may occur vvilh intention 
tremor, 400 

mediated vm pyraniidil tract, 451. 452 
neural mechani-m, probable, 406 (dug) 
Paraplegia, ike under Paralvsw 
Parapvtatnulxl tract, i<t Tract 
Parcsi', hy(>oton:c, See Puralvri« fliecid 
Parietal lobe, area* /, 9, 3, and 5, cliange* after 
hemi-ectioD of spinal eord, 153 
a-sociation fiber- to, 148 
Betz celts in, m macaque, 17 
not found m chimpanzee, 25 
conico-^piDal fiber-, S(C fiyramidil fiber-, 
belotc 

oxci'ion. effect on I'vr.iniidal tricf fiber-, 
151 

flaecidity in relation to 270 
le«ion', influence on tdema and -kin 
toiiifierature 446 
tnu-cidar atrophy from, 415, 436 
vasomotor aStPration- inav occur, 446 
pyramidal fiber-, us a cord -cn-itiz ition 
niethtni-m, 155 

onginate in, 146, 153 154, 155, 15S, 465 
siibdivi-ion of ccnlnl sector, 9 
Panefo-fiontine trait, S'f Trict, tiinjioro- 

I l•ontiDe 

I PvaMxssON, JiiiL-. ob-ifvp<l that tremor at 
re-t ('hiking pil-v) di-iiij>ejrid nflti 
hemiplegia. 397, 451 
Parkia-oni'in, .S<( J’aralv-i- agitan-i 
PvBMEXTtR, 11, rjuouil on i\i>criimntil 
neuro-e- in sliiep, 302 
Pa-t fiointing with le-ion- of art i 417 
Patellar reflex. Sit Peflrxf-, knre jerk 
I Pattern, See Map-* 

Pathologv of jrtteniril moior (orTfx. 423 
Peduncle, Sa Cirtbral pulunih, Jlrutiimii 
conpitvetiv urn 

Pl» LT. T L . origin of Tiirtk s bundle llO 
Pixnrui, It . iliirt of motor s/f|U(ncf for 
wnbril himi-pli<-re of man 262 
4l((tr)i il sliiiiul ition of liuiiiin brun 317, 
3iS 


ilid 8.449 
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PLNriELD, \\ {contmuid) 
exci'ion of "h'lml arci,” effect, 483 I 

e\tirpition of precentral motor torte^ in | 

man, 355 ' 

eve movement? elicited bj cortical »tiinulj> ' 
tion m man, 331 I 

honninciihis illu-tratina extent of niotoi 
and scnsorv representation 414 
localization of function within cerebral 
cortex, 21S 

map?, ocuhi respon-ive cortex in m»n, 331 
somitic motor points obt lined on 'tim- i 
uUtion of livitnan cerebril loitex, 318 
outline?, area? Kivin*: motor .»nd •^n'orv 
response' 350 i 

sequence of moioT reprcsenlation on ivre- 
central cortex, 340 

pial blood V e"oi' change in color and ?ize 
.ifter cortical ?timu!vtion, 258-259 | 

'peech impured bv dectrieil Minndjtion 
of arei? i ind 4d, 71 

stimulation of cerebrd cortex of con'tion- ) 

patient imdef locil anesthetic 246 ' 

technique of electrical 'timulation 347 
Penlolbal sodium, lice \ne'the?ia 
Pericellular ncst«, ?>irioitnd Betz icll'. 11 
42 (i]lu> ) 

wilhio h\er «in iiouml huae )>vrimid.d 
cpI!'. 5S 

Peripheral stimulation cau'c? eoitical inhibi- 
tion. 309 

effect on actiMtv and cxcitabtlitv of 
cerebral cortex 190 191 197. 19S. 

199 20S 209, 210 

Perseveration, effect ot dc-tmction of am u 
26S 

Personalitv clnn[:c with le-ion of .«rc.i >> 419 
Perspiration Sn Sweatiott 
Pea Iemni*cii' cortico-pontine fiber-. 141 
Pes pedunculi, 6’i i Cerebral peduncle 
pH See Hvdropen ion conccntrition 
Phnr>nx. abnormal ren'ition with Ic-ion? of 
area 44. 420 

inoveincnt of. stimulation of arci i ciU'es 
232 

Pha-ic Binction of I'vramidd tract. 170 
Photomicrogr iph? 
alointta, motor cortex. IG 
chimpanzee am 4. 2S 
area 4\ 29 
area 44. 30 

paracentral rcirion deiicneiaird fiber tr.ict I 
from area 4t to cmguhr S'”is. 127 
thalamu', dcpencration after destruction 
of area l‘, 12S 

palago lemur, precentral motor cortex 14 
macaque. 



area 4i, 19 
area 0, 20 
area 44. 21 

min, area 4. m Iluntincton? chore i, 43S 

am 4'/. 46 
invcloaicliitcitiire, 31 
arci 4", 49 


Photomicrograph' {ronlinind) 
mm (continued) 
area 6. SO 

in amjotrophic lateral sclerosis. 440 
in dv stoma mii'Ciilorum deformaii', 454 
in Huntington? chore i, 43S 
in postcnceph ilitic piraly«i' agitan-, 
447 

atea S, dor'il part 73 
\ential put’ 74 
irea i?4. 79 
area 44. 52 
xiea 4?, 77 
area FDr. 74 

ba-al ginglii .ind intern d capsule, throm- 
bosis, of Icnticulo-stri.ite arterv 450 
cerebral hemispheres, occlusion of middle 
cerebral arterv . 433 

thrombosis of antenor lerebral arterv, 
432 

tumor, of front. il and picmotor regions, 
443 

of premotor .ind temporal region', 444 
nudiilli oblong itn. infarct 430 
precentral region m hepatolenticular dc- 
cenention 435 

ihiltmu' degeneration .iftcr destruction 
of preccnti.il motor cortex, 118 119 
Phvlogcnc'i'. of cerebellum 279 
difference in structure und function of 
cerebral cortex 259 
precentrd motor cortex. &4 259 
rolafivc iiiitiortance of cerebral cortex and 
Mibcortic.il centers 251 

I Phvsiolc«icil neuronographv See Strvchnini- 
zition 

Phv'iologv of iciebral cortex 44 
Pick first observed gros? atrophv ol areas 4 
and Cl in auivotiophic 'clerosi' 427 
Piloerection am 0 conceined with 300 303 
I Pilomotor changes after ablation of area 0, 
300 

vohintaty control of uitonomic function' 

I 206 

Pm-pritk lovs of perception from exci-ion of 
precentral motoi cortex 3S3 
Pimv* J .4 d'-nied stinnilaling white nutter 
can cau-e epilepsv 195 
reaction time longer when stinuilating the 
cortex thin subcortical white nutter 
181 

ipictioQ time shortened after removal of 
the cortex, 1S5 1S6 192 
I Puts 1\ . activitv of corticil field- 58 
Placing ivaction ab-ent as result of pvrain- 
. idal lesion? 161 

description and relation to precentral 
' motor cortex 263 

' effect of pvTjnvidvl k-ion, 164. 165 
[ Plantar reflex. Acc Reflexe-. Babin-ki's sign 
I PlUjrrhme monkev Acc Monkev 

Plexii- afferent Acr Fiber-, afferent iilcxu- 
.ixonii Ac* .Avon- 

I Pohomvrliti', acute .interior, coll- of are.i 4 
i dinugpcl m. 412 



598 


The Precentral Motor Cortex 


Poi.\\K, S, S'Cent of afferent fibcra «Uhtn 
cortex, 36 

re--earch on function of striate area, 3 
Poll', 

connection* (See <i/<o Tract, frontopoatme 
and temporopontine ) 
affeient, from area* 41 and €, 143 
collateral' from piramidat tract, 156 
cortico-pontme tract*, 142, 287 
extrapi ramidal, 447 
from frontal eie field*, 339 
from precentral motor cortex, 279 
with cerebellum. 280, 287 
roof nuclei, 282 
fibers. 144 

to cerebellar cortex, 280 
precentral projection' to, 148, 465 
of pjramidal bundles terminite in, 155 
liemi'cction of, 142 

effect on pi ramidal cells of areas 4 anti 
4i, 147 

nuclei, electriea! stimulation exo^ctl iMHen- 
tial* m cerebellum, 285 
Pontobulbar bod\. cortical fiber* to 143 
Pontocerebellar fibers, See Fiber* 

Pool, J L, quoted on nature of di'chargo of 
ptTimidal and extrapj ntmidal tract*. 407 
Po*ition, chanae m, effect on reflex forced 
fcrti'pinj: 443 

6en*e, lo*r from e\ci*ion of prcccniral 
motor cortex, 383 

Po*tcentral cortex (Sec tibo Parietal lobe) 
Bet* cell*, in chimp intee. not ob*crved. 25 
in macaque, 17 

connection with precentral region*. 260 
in\ol\ement of <cn'On cortex in flaccid 
hemiplegia, 431. 432 
le«ion', hjpotonia result of, 172, 415 
motor function. 270 
origin of pt ramidal fibers, 146. 153 
role m ta'omotor control, 172 
subdni'ion of central sector 9 
Po*tcentril KiTu*. See Otnis 
Po'tcnOT cerebral attcr>. 8tc Artencs 
Po'tural reflexe*. See Heficxe* 

Po'turc, influence on reflex forced prj*ping, 
443 ff 

Polcntiil record. See Electrical record* 
Potentul* Sec Electrical potential* 

Precentral aeranular cortex, S<c area 4 and 
area 6 under Area* of cerebral cortex 
Prcccntril corticifusal fiber*. See Fiber*, 
corticifugal 

Precentral PTU*, See Gjtus 
Precentral motor cortex, 11 (illiis) 
iblation. 80c exci'ion bcfoic 
ictnatcd ihroiigh afferent* which arborize 
Mii'Orficial to Incr IV, 101, 103 
iirci orbit di* acranul in*, pirt of, 76 
•.igranulir' ch iracteri'tic, 13 
agrinularifx rclition to electrical actuitv. 
103 

.lm^ot^ophl^ Iiteril 'ClcrO'i* affect*. 427 
anitoniK'il ch iracteri-tic* in rilition to 
electrical reconl, 105 


Precentral motor cortex tconfinued) 
anthropogenesi*, 13 
architecture, 7 

areas of. See Area* of cerebral cortex 
autonomic function See Autonomic 
function 

basal ganglia in relation to. 273 
blood supply . 61 

from anterior cerebral artery, 62 (illu* ) 
I from middle cerebral artery, 62 (illu* ) 
boundano*. 61 

' antenor limit marked by a«cending 
ramu* of Sjliian fi*«ure, 60 
in Chimpantee, 32 
extent of. 3 

po*terior. in chimpanzee. 25 
coincides with central «ulcus m 
macaque, 23 

I brain stem in relation to, 465 
I m cebua, consists of three areas, 15 
cell*. 104 (illus ) 

I cerebellar tremor in relation to, 286 
r cerebellum m relation fb, 273. 277, 290 
I in chimpanzee, 27 (illu* ) 

choreo-atheto*!* produced bx. 398, 399 
j connection*. 

I afferent. 45. Ill 

arbonzalion id horizontal stratum. 103 
from area 77, 114 
• from cerebellum, 2S3 

I from other areas of the lortcx, 213 
I from sjiDTnelncal cortical area*, 115 

from thalamii'. 115, IIS, 272 
with face. arm. and leg field*, 123 
I xentrolateral nuclea*. 121 

xentropostcrolateral and \cntropos- 
teromodial nuclei 121 
I association 464 

I commissural, 464 

' efferent, 133, 136 

analjsis, difficulty, 463 
to area* 4 and C in opposite hemi- 
sphere. 114 

to cerebellum, 279. 2S3, 405 
to cerebral peduncle. 140 
Ihroueh corpu* callo*um. 235 
to corpus striatum in chimpanzee, 222 
(diag ) 

dc*tination, 465 
exttapiTamidal, onzin, 231. 480 
to hx polhalamu*, 139 
to inferior olixc, 289 
to internal cip*ulp, 137 (dug) 
ip'iUteral moxements, cour*e, rc*|"on- 
sible for, 493 

to other areas of the cortex, 148. 213 
t»aTiip>ramidal, oriRin. 309 
to pon*. 279 

pyramidal tract origin in, 155, 4S0 
to red nucleiL*, 139, 2S0 
to sub'txntia nigra, 141 
to thalamii*. 139 
to zoni incerta, 139 

conx iil'ioa*. focal an<l jKk*omin attaik* 
from, 248 

cxtoanhitcciurc, 167 
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Prccentr.il motor cortex (to»i/i«uerf) 
definition. 3. 9, 13. 4&4 
in macaque. b.i»cd on th.ihmo-caitical 
connection-*. 17 

m man, bi'cd m.iinl\ on c\toarchitcc- 
tiire, 32 
exci-ion. 355 

’arm” area. Buc\V Case 2 361 
Biicj Ca-e 3. 366 

of “arm" and ’leg" .irc-x*. lines >> C.\m> 4, 
Buc\ ■» Ca-e 6, 392 

atrophs after, probsbls re^^vilt of di^n-e 
3SS 

B ibin'ki’s ^l(:n after 3S2 
Bncs's cn«es of 355 
clinic.al ob'cr\ ition' 379 
choreo-athetosi' aboti-heil b\ 397 
complete, effect 3S5 
msoluntan mo\ement^ Milxbied 273 
of "leg" area Bue\ t. Ca-e 1 35S 
miisciibr atropln after 3S2. 3S7 3SS 
pirlial cllect m dv'tonu njii-cnlouira 
deforman', 453 

pvranud fibers onc-isth dwrix-ar aftri 
146 

recosers of leg' ii'iulls greater llun of 
arm«. 3S7 
rellesc- after. 3S2 
re-ults. 3S5. 4S1 
-cn-ation after 3S2 
defect produced bs 132 
lov not rc'ult of, 393 
recot ert , 3S3 

skin temperature altered nuctV Ci-c 3 
372 (tnb) 

spisticit.t after contri-tcd with lh.«t fol* 
lotting cap'u!.ir le-ion* 3S1 3SS-3S9 
sptsticit}. and li\ perreflesu after 3SS 
temporart pirilt»i> from. 3S0 3SJ 
tremor, of dccercbellat ion affecteif bt 274 
intention .tboltsbcd 397. 400 401 
ta'Omotor changes after 3S3 
electrical excitabilitt . 343. 3S0 
fibers. See connection' nbotc 
functional actititj. 3 
autonomic, 293" 
bottel and bladder contiol 393 
cerebellum, relation to 2S9 
descnptite tcrm« are a soiiric of differ- 
ence in interpreting. 462 
difficulties in determining in man. 356 
effect of other structiue' on, 272 
effector system of bodt, 461 462 
"face” region, role in elo'urc of cselid', 
320 

loctlization. 259 
sensory, 132 

skeletal mu'cuhr control. 381 
som itic, 243 
\a<oniotor control 172 
KenmrdV ob-ert ation 390 
m g.digo lemur. 13 (illu' ) 
three areas found, 14-15 


Precentral motor cortes {coiiluuicd) 

lesions, .abdominal reflexes not dcstroted 
bt, 390 

clinical Hnnife-tation'^, .inalysis difficult, 
411 

clinical 'xmptomatologv 409 
coDibined and bilateral, 421 
dcstructuc. m human mfants piodiicc 
less deficit than in adti!t« 275 
indv'tonn mu'culoium deforman- 452 
m hcp.itolenticul.ir degeneration. 455 
(illiis ) 456 

m Huntingtons chorev 438. 439 
hvi>crtonU' influence' lo" of function 
from. 481 

infant monkexs rreoi cr more thin .uhih', 
273 

lirge. effect greater thin sum of effects of 
small Ic'ion'. 262. 3S6-387 
lov, of function from affects different 
mti'cles in i arious degrees. 483 
nui'Cul.ii .itrophi’ from. 3S2. 3S7 3S8. 436 
wni'CnfjT spi'tin4> from. 3S1 3SS. 428 
piraUsi' of lolitional moiemcnts from, 
3S3-3S7 437 
reco'cri alter 276 

1 I'omotor disordei' id relition to 372 
(Mb ) 300 444-445 
in mm 32 

mipof. bcc Map®, Map- (illii'tr.ition') 
moiemcnts iniolunt.ii\ m rclition to, 
395 489 

produced iii cxtr.ipi r mud il fibci« from 
ca'ili aboli'hed 480 
purpo'efid in nun, mnciiation bi 383 
pathologx. 425 
philogencsi'. 64 

pi icing .iD<l hopping reaction' in relation 
to. 263 

re|>rescnt.ition of arm in ‘taci and leg ' 
fields 386 

of indiiidud mu'iic' in 470-471 
ipsilatcral and non-'omalotopic 381 387 
motor 'cqucncc 349 (outline) 
of moiement' or mu'tlc' in 471 4S0 491 
492n, 493 

ROD— omatotopic 493 
sens itioa and 390 
significance 459 
-omatotopic loc ilizition in 491 
slinitil ition, of cerebellum lovicr* tbre-hold 
of. 2S5 

focal con\ul»ions produced bi 441 
m infant monkexs does not cni-e focil 
comul'ions. 441 
inhibition from, 475 
sen-ation produced, 131, 348 475 
turning of head ind e\es obtained b\ , 
351 

-tnchnmization e.ru-e- signs of sensorj 

I -ubdiii'ion of central -cctor, 9 
' tcmimologi emi>lotod, 4 
I threshold of. 4S0 
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Precentral motor coitex (continued) 
tremor and, 399 
tumors of, 427 

focal con\ul3ionB produced bj, Case 7, 
441 

\asciilar disease, spa«ticitj’ occurs rvith, 428 
\ enoui drainage, 63 

Precentral region (See aho Piecentral motoi 
cortex ) 

connections, 269 

efferent projection sjsteiiis, 137, 138 
excision, no effect on djskine&ia, 454 
Piecentral subsector, See Precentral motor 
cortex 

Precentral sulcus, See Sulcus 
Precentral siippres'or area. See area 4s vndcr 
Aicas of cerebral cortex 
Picfrontal coitex, granular, connected with 
nucleus inedialis dorsalis of thalamus, 120 
Prefrontal lobotomy, effect on xasomotor, 
gastrointestinal, xesical and rectal octn- 
itj and on appetite, 302 
Picfiontal region, 
tonnections, 

efferent, 138 (illus). 338 
intralobar. 148 
thahmo-corticnl, 123 (il!«») 
hjpeiactiMty after rcmoial, 303 
lesions probabl) cause hcha\ior disordeis 
in amyotrophic htcral stlero'is, 439 
Pregeniculatum, See Latcr<il geniculate boil\ 
Premotor area, Sep area C tinder Areas of 
ccicbrnl cortex 

“Premotor cortex,” excision, tremor of 
paraljsis agitans abolished bj, 451 
lo'ions of, clinical de-criptions, 249 
PnmosT, J L, conjugate doMition of cyos, 
248 

hemiplegia from lesions in mtemaJ c.ip«iilc 
with deviation of exes and head 3S2 
Primates, relation of grax/ecll coefficient to 
brain weight, 65, 66 (dug) 
subhuman (See also Apes, Chmipansec, 
Gorilla, Monkex , etc) 
cerebral inap'. .See Mips (ilhi-tritions) 
conip.ir itix 0 dexclopment of phasic and 
tonic function of p>Taniid>l tract in 
nun and, 170 171 

origin of pjrimidil tract m, piogie'>-no 
extension 153 

I'lcccntr.il iiiotoi cortex of, 13 
Pioc.iinc, See AmtliC'ii 
I’lojcction fibers Sic Fibcis cffirrnl, Ti ict 
P'cudohulbir pil'X rcndir- xohintsrj ociilir 
nioxcnients diffiiult or iinpO"ible, 331 
witli loion of iriM 420 
IVeiido-M.irclii,” 113 
Pm udo'c!cro'i< s]ii«iic, 
oh iligi's in am C in 455 
involuntarx mo\ cnicntMn, pifhog* nt~»i» 452 
IVoni'i'. rclitcd to emotion il strevi 296 
P-\iluc dungp-< with di-ciM of an i A. 419 
P'xrliO'C' pn frontal lobotoim in. 302 
P'X cboMxmatK tel ition'liip'. 296 


Pupils, 

dilatation, from stinnilition of fiontal eje 
fields, Perrier’s di«co\ciy, 314 
m monkey, 317 

clectncal stimulation of frontal o^e fields 
in man, not affected by 329 
size alterations fiom cortical stimulation, 
299 

conditioned ix-flexcs m iclation to, 301 
xoluntaiy contiol of autonomic functions 
296 
Ptttamen, 
connections. 

afferent, 221 222 (dug ) 
from precentral motor cortex, 137 
cortico-striat d. in monkej, 270 (imp) 
efferent, cortico-stnitc from aican A and 
6, 137 

excision, produces licmoi. athctosi', and 
spasticity, 273 

lesions, destructne, in choico-it)ictc>'i«. 405 
PuTVAXt, T J. exei-ion of prccenti il gjnis, 
cases of, 358 

choreo-atlictosis abolished b\ destruction 
of antenor fusciciiliis of spinil coni, 
398-399 

Ircmor, extirj’ation of jiicccntiil gxiiis ic- 
diiccd, 401 

of parkinsonism, section of mtciior, fi«(i- 
culus of spinal cord did not iffect, 
40V 

section of pjiaiuiihl tiaot in spmtl 
cord abolished, 401 

unaffected by remoxal of cortex anterior 
to area 6 and destruction of eaiiilitc 
nucleus 402 

Pyramidal cells, See Cells, pxraiiiidal 
Pyramidal fibers, See Tract iijramidi! 
Pyramnlal trict.Sce Tract, pxi imidal 
■'Pyramidcn-soiten-stuxTig," Turck’s, 158 
“Pyramidon-strmg," Tiirek’s, 158 
Pyramids (mcxliilliry) composition, 151, 152, 
158 

ilcstriiction flicciditx cui'cd b\ 429 
sp.isticily ciu-ed bx in m in 429 
fibers, circuniolix arx . 143 
content after frontal lobcctoiiix’, 146 
rorticifugil 145 
coitico-xpinal, 158 

AcsccnAmg Xo '|>ind tend, 150 
no tojKigr ijiliic il irrangcmcnt, 157 
Rixolinited 146, 151 
origin, 221. 222 (dug ) 
other thin tho-c of corticil origin 151 
fiom prrsx'ntnl motor cortex. 479 
unmyxlin itcd 151 

sectioning, effect on iiiu«rul ir riioxemcnfs 
siniilir to tint following rxcHion of 
am 4 4S5 

cliniiniles roitiro-'pm il or pxrimidil ac- 
tion from rrlilcd lorlcx, 160 IG2 
extrij-xr.uiii(lil rcsj.onM s ,,ftrr. ICO. 162 
mfluenre on ti 'iiltf of i-iimiil it ion of pre- 
xentrd gxni' t73. 175. 179 
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Pyramids (coniini/et/) 
sectioning (confiniicd) 
of ipsiiateral pyramid*, contraction of 
muscles of ipsiiateral extremities gur- 
M\ed, 493 

stimulation of area i does not cau&e 
focal coniul'ions after, 441 
Tower’s experiments, 162-163 
Pyramis, See Cerebellum. 


Rabbit, Maual cortex. C) toarchitcetonic 
limits, 9S 

nerre cells with short axon-, 102 
R.XMON' a Caj\l. Sec Cajal 
Random electrical activitj , record s-howing, 93 
RisMCssev, T, speech impaired b\ electrical 
stimulation of areas 4 and 43, "1 
Reaction tunc. 257 (See nfso Conduct ion time ) 
from cortical stimulation. 1S2, 187-189 
decortication shorten*. 185. ISO. 192 
decrea'Cs when intcn'ity of stimulation in- 
creases, 183 
defined, 17G 

htenci iQ respon'c to etmuihting cerebril 
cortex, 181 

morphine narcO'is, \ancs with state of 18$ 
of muscle, Bernstein .ind Steiner ob«en.i- 
ttons, 187 

computed in second* ISS 
reciprocal rehition to intemitj of stimiila- 
tlon, 183 

relation to ch.in! 2 e of amplitude of contrac- 
tion, 185 

repeated stimuli in relation to 181 
stimulating cerebral gra\ or white matter 
effect of. ISl, 186, 187 (graph), 188, 189. 
192 


Recognition of objects, sensorx loss from ex- 
cision of precentral motor cortex, 333 
Recoiery, capacity for, greater in early life 
276 

of function after Ic'ions of nerxous sistein, 
274 fl 

Rectal function, effect of prefrontal 
lobotomy, 302 

Rectal sphincter. See Sphincter 
Red nucleu*. See Nucleus red 
Reference electrode', 92, 97 
Reflex actiMty, 
after exci*iOD, 

of precentral gyru* in man, 357 
of precentral motor cortex 3S2. 3SS 
increased, in amyotrophic lateral «clero'is. 


429 


by extra- or parapyramidal lesions, 451n 
by morphine, 18S 

Reflex bladder actiiify, cerebral cortex exer- 
cise* control 01 er,' 394 

Reflex changes after pjTamidal lesions, Haus- 
man's ca-e. 167 

Reflex deviation of the eyes, 309 
Reflex functions relea'ed by destruction of 
piTamidal tract, 1&4, 4S6 
Reflex sisns of neurological disease, different 
m infants and children, 412 
Reflexe-, 

abdominal, abolished a* result of pxramidaJ 
lesion in chirapaniee, 166 


I 


I 


Reflexes (continued) 
abdominal [continued) 
absent as result of pyramidal lesion m 
man, 167 

after excision of precentral cortex, 382 
in Little's disease, activ e, 390 
pxramidal lesions, effect of. 164 
relation to precentral motor cortex. 390 
ankle jerk, after excision of precentral 
gyTus in man, 357 
autonomic, dependent on cortex, 305 
Babin«ki sign, 249 
in amyotrophic lateral sclerosis, 429 
area 4 lesions result m, 414. 436 
area 4y. uppernio-t p.art of (leg area), 
when destroyed, cause*, 390 
precentral gx rus excision cause* 357 
precentral gxrus excision and cutting 
corticifugal svstems causes. 487 
precentral motor cortex excision cause*, 
3S2 

pyramidal destruction releases, 486 
piTumidal lesion diagnosed by, 168 
effect 00 , in chimpanzee, 166 
in monkey 164. 171 
rC'Ults in. m apes and man, but not in 
cat and monkex 171 
in man. 167, 171 
Hau^man's c.a<e 168 4S6 
Bechterew-Mendel sign, See Mendel- 
Bechterew belou 

conditioned, in relation to sain an secre- 
tion and pupiUan size 301 
to sound, increased ii«ceral actnitt 302 
technique in studv of thalamic function. 
272 

cremasteric, effect of pinimidal Ic'ion* on, 
164 

no evidence in chimpanzee. 166 
deep, effect of pyTamidal lesion, 164, 166, 
167 

gatvanie skin, cortical control of sweating 
299 

grasping 249 

area medial surface must be damaged 
to give rise to, in man, 481 
corpus callosum not concerned in, 443 
de'cription, 418 

in foot contralateral to cerebral Je*ion, 
419 

lesions affect, 26S 417, 419, 487 
frontal lobe lesion*, effect of, 249-250, 
422, 442 

frontal or premotor area lesions, Case 8, 

442 

labyTinihs and tonic neck reflexes affect, 

443 

with lesions outside of frontal lobes, 445 
as localizing sign, questionable ' alue, 446 
position, influences, 445 
piecentral motor cortex, excision, effect, 
3S2 

Ic'ion*. effect. 389 
pvraniidal lesions, 
effect of, in chimpanzee, 165 
in man. Haii®man’s C3«e, 168 
in monkey, 164 
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Reflexes (continued) 
graspme (continued) 
nghtine reflexes, part of, 443 
Ejmptonj of inxoKemeiit of coutrA^teral 
frontal lobe. 249-250 

with tumors, of frontal lobe, Ca-« 8, 442, 
443 

fronto-temporal region. Ca-e 9, 414 
fourth xentncle, 446 
Hoffmann sign. de«enpfion of, 41Sn 
with Ic'ion inioliing area' 4 and 6, 3S2, 
435, 436 

in amxotrophic lateral sclero-is, 429 
knee jerk, after exei-ion of preeenfral gxnis 
in man. 357 

pendular, effect of pxrarnidal le'jon, 164 
MagniL--de-Kloijn, 443 (See also tonic neck, 
below ) 

Mendel-Beehterew sign, de'cnption, 418n 
m amjofrophie lateral sclero'i', 429 
with extrapx r.imidil legions of cortex 436 
nnotatie, influence of subcortical centers 
on tnhihuion of, 3S9 
■‘orientation of optical axe' reflex" of 
Graham Brown. 319 
patellar. See knee jerk, oboie 
placing and hopping, simplest reaciion de- 
pendent on area 4i U'C as choic.ii tc«t 
in children, 263 

plantar, See BabiD'ki sign, abote 
po'tural influence of subcortical center' on 
inhibition of, 389 

paleocertljellum connected with. 201 
righting, in decorticate animal^. 252 
Ro"oI]mo sign, m nnnotrophic lateral 
scIero'L* 429 
dc'cnption, 41Sn 

with extrapjramiihl le-ion* of cortex, 43C 
with Ic'ioH' of area 6, 435 
sucking, with frontal lobe le-ion, 422 
BUperflcial, diagno'tic laluc la ptTamidal 
lesion, 161. 168 

tendon, area 4, from Ic-ion of, increi'Cil 
415 

area <?, from Ic'ion of. increased. 417, 435 
■'cx'iggeratcd,’ u-c of term, 462 
excitement, augmented during, 296 
hyperactnc, relation to spa-licitx. 491 
precentral motor cortex, after exci'ion 
582 

tonic neck (.Si c alfo MagOu—de-Kleijn. 

.ib'cnt .1^ rc-iilt of pir.imidal Ic'ion-, 161 
not elicited in jiVTamidil le-von in mm. 
Haa'iuin cj'C, 167 

reflex forced grj*ping affecteil bv. 413 
Refricton period. See Reaction time, 

Ucgio mfr.iradiata. See «n<f<r Areas of 
cerebral cortex 

Rcgio retrO'plcni ili<, S‘C under Areas of 
cerebral cortex 

Regio unL-triitH See under Ana- of renbril 

Region, definition 10 
Red I'lind of Sec bland of Red 
Relaxation, mu'Ciilar, rtciproealh mtepritid 
demon-trable imdif light anr-thc-u ICO 
of tone. See Chali'i- 


' Relea-e. Jackson's phenomena of. 463 
' phenomena following destruction of area 
4* and iy, 4S6 

Renshbw, B. tccordiEB actnitx of hip)>o- 
campus and lateral gjTU- with micro- 
electrodcs. 110 

Respiration, cortical control. 4. 301 
d^p btcathine. production of cpdeis-x V>x 
255 

orbital surface of frontal lobe concerned 
with. ^)3 

Re-piratorj arre-t bj electrical stimulation 
of area orbitalis agranulari®, 76 
Re«pon-c (See aUo Reaction time ) 
deiiatiOQ. xanabilitj of cortical rc'jioD'C 
mai be due to, 217 

Rc'tle«-oess, re-ult of frontal lobe Ic'ion'. 322 
Reticular formation collateral' from p'ranii- 
, dal fiber., 156 

Retina, excitation from, influences e>c moic- 
roeot*, 309 

Retrograde cell degeneration (chromatohsi-, 
Vi'-I rcactionl. 133 

’ in cerebral cortex after hemi-ection of 
I spinal cord. 146 
I eiideocc of cortical origin of ptniuidd 
tract, 152 

in ganglion cell-. 135 

I not dctecteil forward of area 4 after hcmi- 
section of spinal cord. 153 
relation to fiber' damaged, 153 
in thal.iimi- 129 fillu' ) 

reptc'cotatixc serial «ection' with site of, 
123. 12$ 

to studj afferent connection- of leribril 
cortex. 113 

xalue ond limitation 136 
Retro'pleoixl region ice Regio retrO'plennli' 
under Area* of cerebral cortex 
Rctzii-,. G. atlas citeil on connection- of 
sulcu' diagonali', 61 
couf'c of central 'ulcu', 30 
Rcietbcrating circuit-, large and low dcn.'it\ 
of cell' faior I'tubli'liment. 68 
Biciiter. C 1*. mip of cerebral cortex of 
Macacn mulattn, 267 
xariatioD-' in area S, 336 
Riegeix, L, di'granulir area 44. 51 
-ubdiii'ion of laxcr III of area 44, 51 
Rie-e, U . projection of rub'lantia nigra 
upon the corpii- striatum. 141 
Righting reflex Sec Reflexe-, righting 
Rigiditi. av-ociateil with tremor with Ic-ion- 
of I’tramidal tract, 43) 

Rolindic area (central 'cetor), Sn Area- of 
cerrbral cortex 

KolindiC indict', coiiipariliie. 23 
technic (or detrrmin ition. 21 
Rolandic operculum. Sei Oi>ercuIuiii 
Rolando, fi"<ire of (sidcii- centrali-l. .‘>''1 
Sulcu-. central 

Romberg sign, dugno'i- of frontal 1ol>e 
tumor 416 

Ro'E. M. arei 4 . rclitno mzc 7o 
area ',7 micloirchiticfun 36 
lolume in In in 65 
are I 0, -ire. 70 
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Rose, M. {continued) 

nifrandi'\ta of. 9 

lon'tanc}’ ot architecture of anterior limbic 
area, SO 

eatoirchitectiiral limits of rabbits' \isiul 
c‘orte\. 9S 
mesocortev “S. SO 
precentral repion, 13 
repio infrar.uliata. SO 
-tratihcatioti of cortex, “8 
Ro'EM^v. E experiments on thermocoaRu- 
latini; deeper Isxers. 227 
Ro'Enbu’Eth a , negxtiv e ‘ fcedbicl.." 
sxsteni. 5S 

Rosaolituo, sizn of, SfC under Reflexes 
RoTI^^r^^^, M extrjp3-ramitl»t sxstem an— | 
mg from precentral region hrst demon- i 
stralrd bj\ 2al ' 

first to indicate thit Betz cells of area 4 I 
not exchtMxelj reT?on'ible for cortieo- I 
spinil inncrxation 2ol 

Row c. S \ . ca'c ot renio' al of right cerebral I 
hemisphere. 3S5 386. 3S9 
Rtcu T C respome of eight muscles of I 
ankle jomt^ 471 

Rim)U> R AV . fibers from neo'tniliim to 
substantia nigra. Ml 

origin ot Turck's bundle MO ' 

Sachs, E., cti'es of exirion of precentral | 
gNTti". 356-357 

choreo>,tthetostB abolrlied bj remoMng pre- I 
central motor cortex 39S i 

tremor nboli'hed bj retuot al of area 4 oob . 
401. 402 I 

SicHS H . stratum subcallosum, 13? I 

Stli'a secretion, conditioned reflexes m re- 
htioQ to. 301, 304 I 

Swo. R , cortico-nuclear impulse-. 144 
StcRff J electrical stimulation of human I 
brain 345 ‘ 

greater pirt of repre-entattoo ot lower . 

extremitj m paracentral lobule 361 
SoHXFEK E A. cortical localizttion of func- ' 
tion b> electrical stimulation. 215 [ 

frontal exe fields m raonkex 312 313 
map of electrical excitability ot cercbril 
cortex in nionke}, 311 (map) 312 I 

zones of in frontal eje field- 315 I 

Schema See also Jlaps (illustnition-) 

i-crebcllir cortex, Larsell-Dow. 2S1 I 

choreo-athetO'i*. mechanism Buej 40J 
cortico-niiclear connections. Dow. 2S3 ' 

intern il capsule di-tribiition of frontal , 

efferent fibers in, diagram. Lexin 137 i 
projections, of precentral .irca«, dugrani. 
Lex m. 13S | 

from precentral motor cortex to corpus 
strntum in chimpanzee, McCulloch. 

-en-orx cortex and lateral sca<=orx thalamic 1 
nuclei connections. McCulloch 216 [ 

thihmic nuclei. Walker 2S4 2S5 
tremor, intention, mechini-m. Buej. 403 | 

parkiosoman. mechanism. Biicx. 406 . 

ScittTT. M.. cortical localization of function 
bx electrical stimulation, 245 I 


ScHiFP (continued) 

ttme elapsing between stimulation of the 
cortical center and muscular contrac- 
tion. ISl 

ScHLE‘5I^cER cortico-nuclcar fiber-. 143 
Schroder, P. origin of cortieo-spinal tract, 
M6 

Sclero'i«, See Amjotrophic lateral sclero-is 
“Secondarx facilitation” defined, 216 
Sector, cortical, defined by thalamic radia- 
tions. 9 
definition, 9-10 

Sextox, F. cortical locilizjtion of function bx 
electrical stimulation 246 
Sea-atioa (Sec aUo Sensory and under spe- 
ctre sensations, as Touch, Vibration, etc ) 
abnormtl. of larxnx. pharxnx and mouth 
with lesions of area 44, 420 
electrical stimulation of frontal eje fields in 
man none after, 329 

map of areas giimg in central sector, 350 
precentral gxriL«>. loss trom excision 
ob-«xcd by Foertter 358 
max not be related to 391. 393 
from stmiuUtioD of 131. 34S 475 
precentral and po«tcentrjl gxTii«, produced 
bx stimulating 131 34S 
precentral motor lortex lo— from exci-ion, 
3S2. 3S3. 303 

reco\ef.x alter excision 3SS 
relattoa to Hordex's ob«erxation 890 
representation m central sector. 414 (illii- ) 
Sense organ- stimulated, synchronism of 
electrical re-jion-e 93 

Sensorimotor cortex of nionkcx, 260 (map) 
sen«or>' function. 239 
t>en-or> cortex. See Postcentral cortex 
Sensory cortex of Dusser de B irenne 213 
maps of, m monkey and chimpamee based 
OD phxsiological neuronographx 233 
slrychnmizatioD of cause- sensorv di«turb- 
ances m rekxtcd areas ot bod\ 216 
thaUmo-corticil connections, diagram show- 
ing 216 

Sensory cortical field, cortex is actixated 
through afferents which arborize in layer 

rv 101 105 

Sen-xiry defect after lesion of arei 4? 413 
proiluced bx remoi al of precentral motor 
cortex 132 

Sensorx disturbances from strx chnmization 
of lateral thalamic nuclei or of .-en-orx 
cortex, 216 

5en-ory excitation clinical signs of, follow- 
ing sttychnuiizatioa of cortex 240 
Sensory function of area*! 4 and 6, 216 
of central sector 214, 350 (illus ) 
of precentral motor cortex. 131 132. 34S. 
33S, 391 393 475 

sensorimotor aret of cerebral cortex. 259 
Sensory irritation, -igns of, strx chnmization 
of precentral motor cortex cause*. 272 
Sen-otx mechini-m, possible function of 
pxTamidai tract 171-172 
Sen-orx stimuli influence on proce-s of 
cortical excitation. 190 
inhibition of cortical excitation by. 199 ff 
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SeptoVi>pothaUmic pucleus, See Nucleus 
Septum pellueidum, degeneration of fine 
mjeJinated fibers in, 139 
Sham race, 302 

Sharpey-Schafer, See Schafer, E A 
Shellshear, J. L , fi=sural pattern of human 
brain, 59 

SiiERTiiNCTON, C S, tercbelKim ns mam 
ganglion of proprioceptne sjsfem, 291 
convolutional pattern in apes, diesimilanty, 
324 

coitiea! excitation, quoted on his concep- 
tion of nature, 247 

electrical stimulation of cerebral cortex m 
chimpanzee, first to report, 326 
electrical stimulation of frontal eje fields 
in gorilla 328 

excitation of frontal eye fields could inhibit 
tonus in eye muscles, 327 
frontal eye fields in chimpanzee, 320 
law of reciprocal inncnation, rehtion to 
eye muscles, 318 

map of results of electricil stiimilition of 
cerebral coitex of orang, 325 
motorically responsive cortex m orang. 325 
movements, not muscles, are repiesentcd in 
motor cortex, 491 

stimulated cortex of a patient oi>erulc<l 
upon, 246, 250 

studies on the motor aiea, mi 
S hivering, anteio-lateral chordotoiiij 
abolislvcd, 300 

area 4 m relation to, 300, 446 
cerebral cortex in relation to, 300 
motor cortex tn rehtion to, 301 
Shock, abolished movements produced vii 
extrapyraniidal fibers fioni precentral 
motor cortex, 480 
chrotuatoljeia m, 136 
Silver impicgnation of axis cjlindcrs, 135 
SiiVEifiv, A, experiments on thermocoigu* 
lating deeper hjers, 227 
lajcrs of cortex giving ri'C to coitieo* 
cortical connection^, 229 
Sign of Dabin-ki, Sec Renexes Babin^ki sign 
Sign of Hoffmann, See Reflexes, HolTiiiann 
sign 

Sign of Mendcl-Rcchterew, See Reflexes, 
Mcndel-Bcchterew sign 
Sign of Romberg See Romberg sign 
SiMPsON, S , cortico-pontine tracts, 142 

degeneration of eortico-nigral fibers after 
precentral le-ions, 141 
pithwaj of cortico-tcgmentaf fibers, 144 
studv of projection fiber'* from precentral 
motor cortex, 136 

Sine wave current to stiidj cerebral cortex, 
25G 

bmu', superior lougitudin il, venous connec- 
tions of 61 

^kolf■tlt mU'iiilitiirc. .''<c Mu-iles ••kolelal 
Mvin. clungi' eniotumil sfrc'^ iifition to 
296 

viuption-s. Sit Eruption'^ of skin 
gilianic rcHex, fin umirr Reflexes, 
tenipcritiire. iiro.i 4, effict of leMon-s 116 
cerebral legion', tlnngc probablj i n- 
ruarv , 290 


Skui (continued) 
temperature (continued) 
cortico-autonomic connections, role, 298 
precentral motor cortex, differences re- 
sulting from excision, Bucy’s Case 3 
372 (tab ) 

pyramidal Je«ion, effect, 164, 166, 167, 168 
Sleep, cortical changes, 303 
Smell, hypothalamus and temporal lobe con- 
cerned with, 304 

Smith, Elliot, sulcus may be cither axul 
or limiting, 67 
vieuosensory band 0, 234 
Smith, R'ilsur K , xii 
fiontal ey'e field. 307 
nnp of frontal eye fields, 313 
subdivision of frontal eye fields 316 
Sodium peatothal, See Anesthesia, pentoth il 
sodium 

Solitary celU of Meynoit, See CelU, of 
Meynert 

Soltmavk, white matter reacts to elcctiual 
stimiilatioQ but not cortex. 193 
Somitic disturbances, effect of emotions on, 
296 

Somatic functions of pieccntral motor coitcx, 
243 

hisloricil aspect, 245 

Somilic motor activity, role of plii'ii. func- 
tion of pyramidal tract, 170 
Somatic motor function, excitable jiropcr- 
(les of cortex m relation to. 253 
Somatic motor points obtained on stmiuh- 
tion of human cerebral cortex, 348 (mi])) 
Somatotopic localization, in precentral motor 
cortex, 401 
none in area C, 491 

Soiiiatotopie organization within tlialania 
radiation, 120 

Somatotopic subdiM'ions, areas 4^!, 4t, 4^> (>, 
and 44 m monkey and chimpanzee, 213 
areas 4 and 6, 210 
central sector, 260 

Sound, increased M«ccral activity with con- 
ditioned reflexes, 302 

tcpctitivc, epileptic seizures in rc'pon'C to 
302 

SpiMic paralysis. See Paraly’ia, spastic 
Spi«ticity (See abo Contracture, Parab'i- 
'pT-tic, Pscudoso}ero«i3. spastic) 
in amyotrophic lateral “clerosis, 428, 429 
jrei 4 excision docs not cau«e, 186 
area destruction results in 481-482, 186 
exci'ion cauves, 220 

areis 4 and 0 or tJieir efferent fibcr> de- 
struetion cati-cs, 428 
area C, destruction rc-uhs in the cl i"])- 
knifc type of, 2C8 
IcMons causing, nature, 418 
atrophy m relation to 271 
tli«p-knife variety, effects of <le-trutlion of 
»rci6. 2CS 

emotional stress in rehtion to 296 
excitement uugnvoivts, rehted to lulraul 
hoimone<, 296 

expeniiirntil iiroriuclton 273 
cxtrijiyramidil fibers involveil, 451n 
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Spasticity {continued) 
internal capsule, lesions causing in contrast 
to that from ewsing precentral motor 
cortex SSI, 355-35!) 
vascular di'e.i'e results in, 428 
origin, 429 

from extrapyramiclal lcsion«, 45)4 
precentral pjrus excision in man, 357 
precentTal motor cortex, excision, icKtion 
to, 351 3SS-3S9 

le'iOD-', hx pertoniis influences ID'S of func- 
tion troiu. 454 

lascular di'Ca'O results in 42S 
piramidal destruction apjiears to cause in ' 
man, 429 

relation to Inpencti'e tendon reflexes, 491 ' 
Speech (Sec n/^o Language, Vocalization ) I 

area, 71 | 

am of Broca, SI i 

area 44 m man elaborated into, 269 
di'orders witli lesions of area 44, 420 I 

Spencer, respiratorj arrc't by electrical stint- i 
ulatioD of area orbitalis agranularis, 76 I 

Sphincter, j 

disturbance^, from bilateral lesions of areas 1 
4 and h. 44M43 

not cotnitton in a^l^otrophlc lateral sclc- 
ro'i«, 441 

rectal, control bx precentral motor cortex 
393 

xe-ical, control b\ precentral motor cortex 
393 

Spider cell'. See CelU 

8|no,al cord anterior hoin? inioKemeot to 
anil olropbic lateral sclerosis. 436 
chordotomy. abolished tremor of parkin-on- 
ism, 401 440 

anterior, aboh-hed athetoid moieroents. 
30S-300 

did not alTecC tremor of parkinsonism 
401 

antero-lateral, abolished shn enng, 300 
connection, with inferior olue, 2S9 
with p.ileocerebelliiai, 291 
precentml projection to. 147 
fibers. 

coitico-spinal, crossed and unert^sed Ixt- | 
enJ bundle and uncrossed anterior 
bundle in man. 157 

to lowest sacral lei els. 145 ' 

terniinate on inteinuncial neuron, 15S . 
hemi-ection. changes in areas 3, /, 2, and d I 
of parietal lobe after, 152 
effect on pj ramidal cell-. 147 
retrograde degeneration in cerebral cortex 
after. 146 

section (See olso choidotomj «nd hemi-ec- 
tion, aboie ) 

of pvtamidil tract in, aboti-licd tremor, 
401, 449 

Spino-cerebcUar connection* See Fibers 
Spino-cerebell ir subiiii ision. See Cerebellum, 
paleocercbellum 

Spontaneous actiiitv. effect of pjTamidal 
lesions on, in chimpanzee. 165 


Spontaneous electrical actn ity, of cerebral 
cortex, S5, 93, 105 
recording, 93 
record*, i)8 

from the central nenoiis sjstem, 107 
Stnggcrmg, sign of frontal lobe tumor, 416 
Staining intact nnehn sheaths, 135 
Star cells. See Cell* 

Static tremor See Tremor 
SxEiNEB. ob-erijtion on reaction time of 
mu'cle, 187 

Stcnoei. E . dvsgranular area 44, 51 
sliiictural differences m area 44, 51 
Stereogno-ttc sense, lo-s Ironi excision of pre- 
centril motoi coifcx 383 
Stereotaxic instrument Horsier -Clarke, 254 
Stebx K sketches of le-ions and retiograde 
cell degeneiation in thalamu*. 129 
Stimulation (See also Stimuli ) 
clectiical, 
of area 4, 261 

doe* not caiiso focal coniulsions after 
cutting pjranuds 441 
result*, 261 

of areas 4 and C produced diminution m 
kidney \ olume. 299 
of area 4a (area Oaa of Vogt-.), 329 
of area 4^, 220 

will suppress electrical actnity of 
cortex and of area 4, 237 
of .area d, 267 

boundarx w-ith area 4i determined, 473 
in man and siibhitman primates, 474, 
475 

of area oafi of Vogts results in man, 331 
of .irea S. effects 269 
of areas S and 44, results, 474, 475 
of area orbitali* agranulan* respirntorj 
arrest bj , 76 
of Betr cell cortex 159 
boundar> between area* b and 4s in 
ffionkex determined bx, 473 
of brain, in ape* 325 
cortex affected, 176 206 
epileptic fits folloumg, 193 
m mao bx- Foervter and PenfieJd, 345 
bx" Hitzig and Barfholon, 315 
tjpes 347 

xafue in identifying centra/ gulcus, 
346 

of brain surface .iffects coitex primarily, 
not the XThito matter, 191, 193 
of cerebral coitex, blood pressure affected. 
298 

IQ chimpanzee motor respon-os re-iilt- 
ing from 21S (map) 
results, 326 (map) 

conxuUions produced by. nature, 29S 
origin and spread, 196 
excitabihtx- rapullx altered bx repeated 
stimulation 1S3 
factors influencing results. 46S 
ID fetal macaque re-ults, 475. 476 
(illus ) 

inhibition of actu ity, 20-1 
intensity of current, effect, 204. 206 
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Stimulation {conUnued) 
electrical (conlmued) 

0/ cerebral cortex (conUnued) 
la man. 246, 330 (map) 
anesthetic preferred for, 346 
anesthetic used, 246 
movements resulting from, 159 
head and ejes. 331 (map) 
muscular contraction, effect on, 160 
somatic motor points, 348 (map) 
method of studjing function, 461 
in monkey, icsults of, and cjtoarchitec- 
tiiral aiens, 266 (map) 

11101 ements elicited by, before thej oc- 
cur spontaneously, 160 
historical aspect, 245 
m orang, result', 325 (map) 
pupils altered m sise. 299 
]ijramidal tract, to study function of, 
161, 162 

icaction time, 187-183 
of rmiaclc m 1 elation to total reac- 
tion time, 187 

stiychninication, contrasted uith, 236 
time elapsing before muscular contrac- 
tion, Schiff's obscri ations, 181 
types. 256 

variation m icsiionse to, 256, 257 
of cerebral gray and white maUcr, effect, 
189 (graph), 209 

reaction time, 186, 187 (graph), 188, 180 
of cerebral white matter can cause epi- 
lepsy, Albcrtoni't report, 195 
change in brain jiroduccd by, 346, 317 
commissural fibers demonstrated b> , 23C 
cortical potential's induced by. 85 
of corticifugal pathways, conditions. 479 
devices, 256 

Bubnoff and Heidenham, 178 179 
duration, effect of varying, 347 
of frontal eje holds, in apes, 325 
in chimpanzee, 326 
ejcbrowo elevated m resjjonsc to, 314 
ejtlids open in response to, 314, 318, 
327 

in gorilla gives sime results as in chim- 
panzee, 328 

in man, ic-ults of, 327, 323 
intrca'cd, iciction time decreased wub, 
183 

of infant^, ncwboin, cvcitcs white matter 
but not leubral cortex, 193 
infliioneo of different t>pcs of stimuli on 
re-ull#, 472 

intensity, cvcitation or inhibition depends 
on. 206 

recijiiocal lel it ion to re iclion lime, 183 
moviments elicited in mm, 348 
ojifiiiiiini friqucnc.v, 347 
of postccntnl gvius, motor re-pon-es.Jl" 
sen-orj rc^pon-cs from, 348 
of preicntril gvrus, in chimp inzee, map 
showing rc'ults, 169 
“fice region” eau'^es clO'Ure of eyelids 
320 

mexcitable zone in, 326 


Stimulation (continued) 
electrical (conUnued) 
of precentral gjnis (eontinucd) 
in mfa&t monkeys, rc'cults, 477 
in man, difficulty m evaluating results, 
472n 

variations in results 468 
motor responses from, 347 
pyTJinids, influence of sectioning, 473, 
475, 479 
results, 491. 492 
sensation fioni, 131, 348, 475 
vnth sine nave curicnts, 475 
vocalization obtained by, 351 
of precential motor cortex, m infant 
monkey’s does not cui'C foe il convul- 
sions, 411 

inhibition fiom, 475 
turning of head and eyes fiom, 351 
results depend in pait on intensity of 
stimulus, 207 

of KoUndic aicj m nun, 216 
results, 350 (map) 
technical methods, 256 
technique, Penficld, 347 
IKnpheral, effect on activity and excitabil- 
ity of cerebral coitct, 199, 191, 107, lOS, 
199. 208, 203, 210 

I excitability, depends on state of cortex, 

210 

' diminished. 190, 101 
inhibition, 209 

tactile, effect on excitability of cerebral 
coifox, 198 (giaph) 

increase of corticil excitability by, 196 
influence on excitability of motor centers, 
197, 198, 130 

Stimuli (Sec oho Stimulation ) 
peripheral, inhibition of cortical excitation 
by, 199. 200, 201 
summation, 183, 181 

tactile, increase of cortical exeitabiliiy by, 
196 

Stimulator “B ’ of Ooodwm, to study cerebral 
cortex, 256 

Stomach, motilifx. oibipil surface of frontal 
lobe concomed with, 303 
relation of ceicbi.il cortex 238 
secretion, relation to cortex, 301 
ulcer, dostruction of ,iica 6 related to, 297 

Stoileh, \V a, liiilaniic i.uiiitions to pre- 
central snb~a>etor. 9 

SnusBOHCFH. II II, arei 44 subdivided into 
an v> 6C> and 57, 27 
aiea 47, wider area of Ilroci, 70 
aip»* which lorrp'pond to nrei S, 72 
dysgnnulir nre.i 44, 61 
layer la+b m an i {}, 51 
mjeloirchitcctiiril 'tiiiJi of frontal lotic o( 
clump vnzee, 25 

sinjw of IJiiliargei. din-'ilv, 56 

Strati (Sf€ oho IaUit'. Sti itiim ) 
three, m stn]>e of (Ii nn in, 39. 40 

Stratum interim diutii peilimciili. 110 
cortico-nuclc ir fibers, 113 
of slnitil origin, III 
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Stratum subcaliosum, cortico-caudate nature I 
of, 137 

degeneration 137 

m minute fiber?, of, 136, 137 ' 

Stria of Gennan Stc Stripe of Getinati . 
Strute area, &n. utitler Areas of cerebral I 
cortex 

Strtato-oli\ ari tract See Tract 
Stn.uum, Sci B.isil ganslu, Siwleu-, i 

caudate, Putanien 

Strip of Hinpf, S« i Areas ol cerebral tortex. 
area 4- 

Strii)e of Biillargcr, 13 , 

afferent iinpul'e? arrne thioagh 45 ' 

in arei iy. 38 45 1 

in area S, 72 

in area 44, 33 I 

later it . 53 ' 

la.ier an, incoming impul-es impinge on 
huge cell- of, 5S ' 

axQilentlritic stnipscs, 36 
axon il plexus in Liters n and »u m area 47 
homologous to, 39 
of inner stripe in litei ic. 56 
■ixoO' from, contet impul'Cs Irom ■‘pccifit . 
affereiits. 5S 

axosomatiL and axodendritu stnapiic rela- 
tion Mitli 40 41 

confluence of two stripes of 6 45 
inner and outer stripe, 10 44. 45. 56 
den-itt 56 

location in bter III or later IV. $ 
litramidal celN connection with 45 
lelation of apical dendrite of. in liter i 
44 

spills" oter into third lajer of motor 
lorcex 40 

strutificaCion in arei 44 , 53 
supngranular lat er. 67 
Sfnpe of Genmn, 40 
acts as a polarized Liter. 06 
in area 47 dindeil into three strata 39, 40 
optic fibers ditide in. 95 
Stripe of Kscs-Bcchterew. 10 
in area 47. poorly deteloped m Liver II, 33 
in area 44, not well deteloped. 54 
Strtchnme "spikes' See Strtchnmiiation i 

StrtcliBinization (phtsiological netironogra- 
I'hy of Dusser de Barenne) 
afferent connections of cerebral cortex 
studied by, 113 

of area S, effects of, little known, 232-334 
of area 4, area of firing Irom point id, 230 
(m ip') 

m micaque, 225 (oscillogram) , 

areas of sensor> and adjacent cortex dis- ' 
tinguislicil by, 233 (map) 

■’arm' urea of clump inzco brain detertnined I 
bt, 261 (map) 

axonil field (miximal) disclosed hj, 233 | 
(diag ) 

of cerebral cortex, lOS, 223 

lortic-il eicnts at focus of strychnine ap- 
plir.Uion, Silietra's research. 229 
dial effect compared with cbJoralose, 260 


StrtcluimizatioQ (continued) 
of cerebral cortex (rontinned) 
electrical record effect on, lOS 
sen-otj excitation after, 240 
u-e, to map distribution of axons of cells 

to studt structure and function, 255, 
256. 239 260 

comiui-sUTai fibers demon'tnvted bx, 23G 
237 (mip) 
description. 223 
limitations of method. 225-226 
local effect- on aiea- -iq, 4r, J.i, 0, 44, S, 4' 
d4, 231 ff 

of precentral motor cortex, cause- signs of 
-en-orv irritation. 272 
stiiimlation. clettriea) contrasted with, 236 
-tryehnine -pike*. 223 
from area /> focii- m imc.ique, 229 {ilh|.« ) 
fulli deteloped aie Iripha-ic, 22S 
local, in micaque. 227 
from po-tientral 'fate' area in monkey 
226 (oscillogrjiu) 
prop igJtioD. 224 235 (oscillogram) 

At site of strychninizatioa. 226 
tran-mis'ion. 223 

effeit ol dial and chloralose on 225 
effect of therniocojBiilation of cortex 
229 

nature and speed 224 
-.tnqises nccc'«ar>. 223 
thalanui-. function «tiidied bv 272 
lateral nuclei. cau*e senson disturbance^ 
in related areai of the budt 216 
tentrolaferal nuclei ajipeanncc of 
scnsorj excitation after, 240 
blupidii.x Irom frontal lesion- 322 
Subccntral sulcus. -s< e Sulciis 
Subcortical center- acti\it\ deirea-es as one 
ascends uniiuil -tale, 251 
plitlogenettc futoi- in import ince of 251 
Siiwortical motoi appiritu- rehiion to con- 
\ulsion-. 195 

Subcortical oiigm of ptramidal tract fiber-, 
e\ idence on 155 

SubdutuI hemorrlugp, -tmptonis of tetanic. 
m 420 

Subhuman primate- 5>.t Priaiate- 
Subregio ostnata ol the A ogts, 36 
Sub-ector definition. 10 
Substantia oigr.i 140 

cerebral cortex influence on pallidum by 
w ix of. 139 

fibers, (rotii area S enil m. 339 
arising from 141 
coctico-tegmental. 144 
extrapy raraidaJ. projection to, 447 
from frontal exe fields pass to, 339 
from neo-triitum to, 141 
ftou precentral motor cortex, 465 
lixTamitlil colliterali to. 156 
le-ioa<. in p irkin-oni-m, 403 
Subthalanuc body of Luys. See Xucleu- of 
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Subthalamic region precentral motor cortex 
sends efferent fibers to, 465 
Sucking, reflex, in frontal lobe lesions, 422 
Sugar, 0, effect on ocular moiements of 
electrical stimulation of area 4^, 75 
Sulcal pattern in chimpanzee, 31 (map) 
Sulcus {See also Fissure ) 
arcuate, 22 

anterior boundar> of area 6 in macaque, 
68 

anterior boundary of pieccntral subsec- 
tor, 23 

awakening response, 317 
inferior ramus, homology, 68 
location of frontal eye fields in monkey 
m relation to, 312, 313 
areas in relation to, 61, 67, 68 
axial or limiting, 67 
bipartite, eases of, 60 
calcarine, 22, 31 (map) 

\iel!-tiefined relations to cortical areas, 67 
callosomarginalis, See cingular, below 
central, in alouatta, IS (ulus ) 
annectant gyrus, between upper and 
middle thirds, 30 

urea 4 forms anterior wall jn chimpanzee, 
28 

area 4, posterior border in relation to, 23, 
Cl. 68 

areal boundary, complete coincidence of, 
established gradually in man, 6$ 
artery of Rolanuic fissure, 63 
"benas" in, 29, 59 
buttresses m anterior wall of. 50 
cortical areas, lelations to €8 
course, 20-21, 31 (map), 59*60 
cutting into upper margin of hcmisplieie, 
statistics, 59 

identifying in man by electrical stimula* 
tion of brain, 346 
“knees” in, 29, 59 
length, 59 

in macaque, roughly homologous to that 
ID man, 68 69 
m man, 59, 340 
in newborn, 43 

ontogenetical deielojimcnt, 60 
po'ition in human brain, 59 
I>recentral subsector, posterior boimdara 
in macaque coincides with 23 
iP'iilt of confluence of coronaJis and 
an«ata, 60 

■'spurs” of, 29, 30, 31 

sutciis subcentialis anterior often united 
with lower end of, 60 
upper end cuts into modnl border of 
lipini^ipheie, 29 

nngiilnr (eillosomargmali^), location of 
frontal eye field', 313 
long and narrow strip of cortex hidden in 
80 

cruciate, length and conformation, ISI 
po'ition of forlicil center for anterior ex- 
trenutv. 181 

diagonalis (l-berstaller’s), 53, 68 
anterior bound lo of area 44 marked bv, 
CS 


Sulcus (continued) 
diagonalis (continued) 
tberstaller’s description quoted, 61 
f.,23 

frontal, location of frontal eye field in 
monkey, 310, 313 

first, Cunningham’s teim for anterior 
precentral sulcus, 23 
inferior, origin, 31 

sulcus diagonalis connected with, i>cr- 
cenfage of frequencies, 61 
inferior and middle, cour'C, 31 (map) 
•tuperior, course, 31 (map) 
parallel to dor<iI mirgin of precentral 
SUlcUa, SO 

third, a specific human chaiacler, 71 
fronto-marginal, course, 31 (map) 
fronto-oibital. antenoi boundary of aiea 4't 
m chimpanzee marked by , 68 
course, 31 (map) 
sulcua opercuhiis cut' info, 32 
homologous, defined, 67 
homology', 67 

intraparictalis, course. 31 (map) 
lunatus, course, 31 (map) 
occipital, inferior, 31 (map) 
opercularis, course, 31 (map), 32 
orbital, course, 31 (map) 
orbito-frontai, 31 (iVc nho fronto-orbitil, 
above ) 

postccntralis inferior, 31 
precentral, 

antcfioi, called first fiontiil sulcus by 
Cunningham, 23 
designated z', 23 
area 4' ■'■Osition in rehtion to, 61 
inferior, 30 

boundary between areas 44 and d, 68 
course, 31 (map) 
divisions, 31 

m man, homologous to anterior sub- 
central sulcus in eubhumnns, 68 
statistics on being united or separ.iteii 
from superior, 60 

strip along corneponding to area 4^> 
middle, divisions of, 31 
narrow band of coitex in man similar to 
precentral 'Ui>prrssor strip in monkey , 
68, 388 

sulcus diagonalis connection with, per 
cent of frequency , 61 

sulcus subceniral anterior larcly unilc< 
with, €0 

superior, arei' 4 and 0 boundary, 68 
,irca 4*, in chimpanzee, 29 (ilIiH ) 
lindmark for, 32, SOn 
no ir lo in m.aeaque, 25 
cour'C. 30, 31 (map) 
hi'torical dc'ign ition^, 22 
in macaque onlv u i‘inall diinjile, 68 
'tnlistics on being separate or iinil'd 
with the mfirior, CO 
Mrip along rorrcriionding to ana >, 4S 
of Uolindo, S<e cinlral, abate 
siibcentril, 

anterior, 31 (imp), 60 
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Sulcus (continued) I 

aiibcentral {continued) j 

aiHenoT (conlinuid) i 

areas C and di\ ided bj , 32 
areas aud 6 dnided by, 23 
covusc, 31 (map) , 32 i 

X. 23 

m -iibhunian primates homologous to | 
mferior precentral suleu« in man 
6S I 

posterior, course, 31 (map) ' 

(emporal. medial and suv'erior. 31 (nirp) 
\arution in brains of apes. 324 . 

Summation of stimuli 183. 181 ' 

•Slnderund S. specific afferent- m strute 
area 55 

Superior cerebelhr petluncle. 6ic Braclimm | 
conjuncti\uni i 

Superior frontal sulcus. Sec Sulcu-. frontal 
Superior longitudinal sinu-, Sic Sinus | 

Superior precentral sulcu-, Sulcu-, pro- i 
central 

Sui>enor sagittal einus. Sic fcmu< superior I 
longitudinal | 

Superior tone of Mott and Scliater, Sic Zone 
Siippagr inular hjer-. of stripe of Bul- 
larger 57 1 

Suppression (S«f al'O Suppressor) 
description, 257 

b% Bubnoff ftnd Hetderthain 205 , 

discoi cn 260 I 

of electrical jctivit}', area 4< -30 (ilhij ) 
from arei 4'> •'ifter dni-ion of cortico* 
cortical connection5. 240 | 

c iud.<ite nucleus essential to. 239-240 
cortico-certical connections not essential 
239 

definition and description, 233 I 

of motor respon-e pitliwajs concerned in 
221. 222 (diag ) 

I'ogts demonstrated suppressor effect of 
area S, 319 

Suppre-sof (See aUo Suppression ) i 

are.is, Sii under Areas of cerebral cortet . 

area 2, area 4-, area 8. are.a 19. area 24 
effect from area 4^ in monkej , 220 (iJliH ) 
mechanism and choreo-athetosis, 405 j 

sN-tewi. Anterior Uwibie area vmpor'.int p^rt ' 
of. 4 I 

Surface area, of Betz cells, 43 I 

of cortic.ii ganglion cell proportional to I 
nuclear \ ohime, 65 

Siirgery.Sit nlso crci-ion under lorioitsnreaf, | 
Brim, operations; Precentral motor cor- I 
te\. eiei'ion. P>r:unid-», sectioning, . 
Spinal cord, cliordotomy , etc) 
iinproi ernent in technique Ins increased 
knowledge of corficii fimctioo, 254 I 
Swalloning. att.icks of with lesions of area 
44. 420 

mdi-criminate, after de-tnictioa of frontal 
lobe. 322 

SniNK. R I,, corticopontine fibers, 143 


Sweating. 

alterations, with cerebral lesions, 299 
with hemiplegia-, 207 

cortical control of, relation to gahanic skin 
reflex, 299 

exces-ite, relation to emotional stress 296 
locaiizeti, paroxj smal attacks, s\ niptom 
with tumor underltmg area* <1 and 44. 

419 

with localized convul-tons from tumor of 
jireccntral garus. 299 

Sweet, M H, rcspiratoiv arrest by stimiil.i- 
tion of area orbitali- jgranulari* 76 
la'^omotor changes after excision of ‘arm’ 
area of precentral motor cortex. Biici'- 
Case 3. 371 

Sihian arten, Sec Artcrie-. middle cerebral 

Sihian (l-sure, See Fis«iirc 

Siiubol'. Use of in cortical maps, 69 

SiMiNCTOK, J, conform ition of central 
sulcu-, 60 

Sxniiiathomimetic drug-, effect on cortical 
function, 255 

S'Tup-c action and tnin-mission of strjeh- 
Dine spikes, 223 
actuation ot nene cells. 97 
•ixodendritic. in are.i 44 56 
of efferent pxramidaf cells in area 44. 58 
with specific sffereuts m kvier tub W 
axosonutic greater number per each Betz 
cell. 43. 65 
sinaptic fields, 44 

collateral and tcrniinal two tipea in 
cortex, 100 

of a giicn synaptic field .ictiiated within 
.1 milli-eooud 5S 
recoixl of electrical .ictiiitv at, 91 
slrjchnine effective only with svnapses 223 
-vnaptic centers, non-unilormities in, effect 
on electrical activity 96 
svniptic connection-, ol pyramidal cells in 
area 47, 45 

of single corticd pxramidal cell- com- 
plexity of, 102 

-xnaptic field* .i\o-oniatic, 44 
tell size and cell density, 5S 
electrical record from, not that a—ignablc 
to .ixon*. 9S 

heterogeneous and homogeneou-, 45 57 
in area 4)' 45 
function, 41 

LoreD*lc de Xo’s theories, 57 
penkarya of Betz cells are heterogenpou-. 
41 

m prop>ortion to density of .axonil 
plexuses, 44, 45 

-ynaptic region, lateral geniculate bodv 
structures which contribute to an elec- 
trical record. 93 
m stnpe of Gennari, 39 
svnaptic relation of efferent pyramidal cell- 
IQ area 44. differ from tho-e in area 
47. 59 
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Synapse (c(?nhij?/cd) 
terminal m cortex, 100 
termination, polarity of, effect on electrical 
res’ponso, 03, 9-1 

Sjnchronisni, partial, of ili'chargmg cortical 
elements, 92 

Sjnchronization of electrical response, 93 
Sjndrome, of area i, 413 
of aieas J, and 6, 431 
of aiea G, 268 
of area S, 420 
of frontal lobe, 422 

SMingobiilbia, coitico nuclear fibeis prescriecl 
m, 143 

Sv'tem, See Ti.iet 

Tactile stimulation, See Stimulation 
Talbot, S A . actn ity of cortical field-,, 68 
Tambuhim, coitie.ii localisation of function 
by electrical sfimuhtion, 215 
Teetal nuclei, See Kuclous, tcclal, 

Tcffiiicntal fibers, Sec Fibers 
TeKmcntuni, fibers fioin dre.i S end in, 339 
medullary, pioceutral uiotoi eoitcx spnd> 
efferent fibers to, 465 

me-enccphalic, extrapyrimidd filx-is pro- 
ject to, 447 

Tcniiieratiirc of 'km, Sec Skm 
Temporal (c>ri, See CJmiib 
T emporal lobe, and autonomic function*, 301 
oiigin oi eoTtico-i’ontmo fibeis 155 
Temporal lobectoiin, bitateiat. behavior 
after, 303 

Tempoial region, long a**oci»tion fibers to, 
14S 

Temporal sulcus, See Sulcus 
Tomjioro-pontino fibeis, See Tract, temporo- 
pontine 

Tempoio-pontmo tnet. See Tract, temporo- 
pontine 

Tcnvlotv veflex, Sec Rcfloso->, ankle jerk, knee 
jcik, etc 

Terminologj , See Definitions and Icrminologv 
Tistut, L, do'Cription of anastomotic vein 
of Trolard, 61 

lotanii', svmptom in subdural licnionhaBc 
and nifh ie«ion< of area 4ip 420 
'Tbalimic'' picinralion, motor function 
limited in, 2o2 
Til ilaimi-', 
connections, 
afToreiif, 113 
from arci S, 339 

fiom terebelhr nuclei, 283 (illiis ) 
from ecubclliini, 131, 139 
from ccri bi i[ cortex. 139, 339 
to haiiotliihnui-,, 139 
ftoni dent \ie nuelevi'* U6 
from fiontal lobe of monkev, 301 
from IrntKulir niicleii', 116 
from prtccntnl motor cortex, 139, 117, 
405 

fiom rtd micliiM, 116 131. 2S0 
from snii'erior ronbellir |Hdimcle, 139, 
2SS 


Thalamus (coniiHiied) 
connections (enntinued) 
efferent, 115 
to area 4. 116, 121 
“face," “arm,” and "leg'’ fields, 121 
from ventrolatcial nucleus 3 
to area 4*. 125 

to area 0, 116, 121, 122 (illus ) 
arrangement of, 129 
in chimpanzee, 125, 120 (illii* ) 
moic numerous than m monkev, 
121, 125 

in man, 128 129 
to fttCA 8, ISO 
to area S4, 130 
to arti 44, 55, 121, 130 
fiom ventiolatcial niiclou', 3 
toaiea47, 130 
to central sector, 214 
to ceiobial cortex. 32. 115, 129 {ilhi'), 
216 (illus), 283 

arianged m fan', Ptiljak, 115, 116 
axonal plexus, compo'cd of irboriz- 
me alTcicnts, 103 

foiined m outer «trjpe of Piil- 
Idrgcr, 10 

•axonal lelationdiip of fibers 460 
fiom ccicbclluiii. 131, 130 
in cliiinpmzeo, Walker's diagram, 285 
well known, 25 

vn choreo-athetoai*, 401 405 407 
define various sectors 9 10, 67 
function of, 131 
information fragniintary. 33 
m Icmuis not worked out, 14 
■n mm. 288 

m monkey, Walker’s diagrvni, 281 
ois.anizition, 115 

precentral motor cortex, important in 
function of, 498 
tecmmation, 10, 40, 103, 404 
m layer tv, 40 

vcith tremor, intention, 403 (diag ) 
piikinxonnn 400,407 
conic it recotd of nelnity induced \u 

itn 

coitical sector defined by fh ilanio-corfi- 
tit connections, 9-10, 67 
to cvtairchitcctiiial area’, 121 
duality, 121 

Xi'-<I inctliod to *tud\. 113 
to piecenVi il motor cortex, 120-121, 272 
limit' of i>ri(pntral coilcx c'tiibli'lied 
bx, 103 

aomxtotopic orgmizatwin, 120 
tirininilinn iii other than liyir I\’, 
103 

W.dkcr’s C.i'c 1. no 

cortico-llidujio-coitioil cirriiit iiilerri I iled 
with longi'i cortico-iionto-crnbello' 
dentaln-th i) iiiiO'Curtie il circuit. 139 
function of uictlind of fetii(h,272 
mii'Culir atrophv with Ie«ion-i of, 430 
nuclei, .intcioiiiHli il, xnil-i fibers to urn 
130 
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Thxlaoiit (fontmi(frf) ' 

nuclei 

t.ich coiinected with circum-cribctl corti- 
cal area, 9 

lateral (See oLo sentrolateral, \en»ropo!— 
tenor, etc , bi lott ) 
radiating fibers of 139 
stT>ehniQiiatioQ cavv-cs sen'or\ disturb- 
ances m related areas of bodv 216 ' 
01 Walker. 13n I 

iiieili.il doTisal. connected with grimiUr ' 
I'refrontal cortp\ 120 , 

projection to area i’ 130 i 

tenn\nolcF5i\ 6-6 

lentral, of L^ishlei ami 1\ tiler 13 d ' 

\ entrolatcral, 6 . 

brachunii conjunctiwun. fibers- pi--- to 
2S3 

tonnections Ironi cercbelhtni to pre- 
central motor cortex, 131 
coD'CiQiis senson representation sub- i 
sened b\ 132 i 

defined 6 

tle'truction in clioreo-athetosis, -105 
portion which connects nith different 1 
parts ot piecentrd motor cortex. 
121 

portions which connect with area > ami 

area 4< 121 ' 

projection' to areas 4 and 2S3 
to precentral p\TU' in iii.iB probable 
2SS 

to precentral motor cortex. 115 ' 

ruiiating iiber« 139 
'trxchainviation. appearance ol ^n-orc 
excitation alter 210 
termination of dent ito-nibro-thalamic 
fibers m 116 

termini of th.ilimo-cortir.il radiation 
trom 103 ' 

I entropostenor, 6 

pre- and pO'tcentral g.\n dual projec- 
tion to. 121. 132 

precentral motor cortex, possible con- i 
nections to. 121 | 

ccntroposterol.iteral. possible connection 
to precentral motor cortex 121 
i cntroposteromedial. po'sible connection 
to precentral motor cortex. 121 
repre-ent.xtion of face arm and Icp in 120 
123 

rctroffrade cell degeneration secondan to 
cortical Ic'ion-, 123 (illus) I2S (illus). 
129 (iIUis ) 

-tmiiilition. recording localized rC'pon«es 
from cortex of cat, 103 
Tlicrmocoxgul ition cerebral cortic.il fimction 
ifter local dcstniction b\ . 251 
of deeper laier- of cortex. Craig Goodwin 
method. 227 ' 

laminar, Du-ser dc B irenne method. 227 
local, motor cortex of .irea 4 after. 22S 
) 

Thrc'hold. of cerebial cortex, defined 197 
Tlirombost' cerebral, caiu-mg fliccid piralr- 
-1'. 431. 432. 433 


' Thumb, Stc und'r Fingers 
Thyratron stiinidation with, to study ccie- 
bral cortex, 256 

Todds parah'is definition, 441 
Toes (Set aho Fingers ) 

big toe. representation in cerebral cortex, 
331 

CamviDg of, with lesions of area 6, 418 
I representation in precentral motor cortex 
I 330 

I Tone. Ste iindei Mu'cles 
, h>pertonia. See Rigiditi . Spasticitt 
I hxtwtonu. See Flacciditi 
' relaxation of Sii ChaU'is 

I Tonic inneriatioQ effect ol pvramidal ]e«ion 
in chimpanzee on 165 
of hand after le-ton- ot fiontal lobe 219 
Tonic neck reflex. Si e Reflexes 
Tongue 

movements. 

I control difficult! with lp«ion« of area 44j 

I 420 

otvgvn from are,\ 44, 445 
stnimbtion of area S causC*. 232 
I re|*re'CDtatcon id piecentral motor cortex 
349 

Toiuh. light lo" from exci-ion of preccntial 
motor cortex 132 3S3 
I Tower. SvB.ut b xu 
p^raniidai tract 149 
Tracing method«. bcc Fibers tracing 
Tract (^c of<o Fibers 1 
I lorticifugal anil.isis 464 465 
excitation conditions ot 479 
cortico-hvpothalamic thalxnuc link ;n 139 
origin m oifacton cortex hippocampu' 
139 

coctico-nigral 140 

extent ol piTamid.!! tract in conipiri'on 
I with 145 

origin in precentral gvius 141 
coriico-(iontine. 141. 142 
aberrant 143 

, tegmental bundle considered a- 144 

I ilescnption m man. 2S6 

extent of pvramidal tract m compari-on 
with 145 

cortico-spioal. See pyramidal betou 
exlrapvramidal (6>e al'O Fibers extrapv- 
ramidti and parapvramidaJ, beloic) 
ari'ing from precentral region, 251 
from precentral motor cortex 4S0 
contracture and spasticitv arise from 
lesions of 4S9, 494 
importance. 135 

le-ions contracture re-ults trom 4S9 
Ros-ohmo and Mendel-Bcchterew sign- 
with 436 

frontopallidal, exact origin unknown. 465 
frODto-pontiac (Arnold's bundle). 140, 142, 
279 2S6 2S7 

position in cerebral peduncle, 142 
prefrontal origin. 142 
Imear. electrical aetii ity in, record. S6 
electrical records of, jn cat, 90 (lUu' ) 
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Tract {continued) 

optic, duision and termination of fibers in 
relation to electrical recording, 95 
record of clectncai actmty {rom, 88, 90, 
91 

parapj ramidal, arises from entire precentral 
motor corte\, 399 

choreo-athetosis produced by impulses 
descending or cr, from precentral 
motor corte'T, 39S 

impossible to destroy scparatelj , 398 
paiieto-pontinc, See temporo-pontine, 
helou 

pyramidal (cortico-spmal tract), 135, 141, 
145, 151 (See aho Pj’iamids) 
aberrant, tegmental fibers consideicd as 
144 

.iicas i, 3, 1, S, S, and ~ eonlnbiitc fibers 
to, 154 

area 4 m relation to, 263, 428 
area C, contributes no rneduHated fibers 
to, 153 

may contribute fibers to, 154 
no fibers fiom found, 405 
unmjelmated fibers leare Ma, 163 
Bctt cells in lelatiorr to. 25! 

send fibers to, 153 
cerebellum, innervation via, 404 
cliorco-athcto«i3 development dependent 
on, Wilson’s tiicory, 397, 452 
collaterals given of! in bnin stem, 156 
"corticospinil” may not be synonymous 
with, 155 

cortoY anterior to area 4 contributes no 
medultated fibeis to, 153 
course, 150 
decussation. 145, 157 
definition, 151 

on basis of descending fibers. 155, 158 
degenerated avonal endings seen in. 146 
ilegenervtjon, amyotroplwc lateral scle- 
rosis as'oentcd with 427 
description, in man 280 
de«truetion {See aho sectioning, below) 
abolished tremor of piralysis agitans, 
451 

attributing manifestations of "upper 
motor neuron lesion”crroncoHS,463 
forced gioping di-ippears with, 442 
functions released by, 486 
impossible to destroy separately , 398 
of prcocntial corfev causes only one- 
Mvtli of pvraniulal fibers to disap- 
jiear, 149 

diameter of fibers, 151, 152 
dilution by » \ti ii'Vr imidal fibers, 147 
150 

(ly»fiinctioii in nun cau-ed lieniiplegii, 
TiircVs (ib-en utions, 15S-159 
fibers, number of, 428 
function 15S 

control of moviinent unique feafiire, 
1C2, IG9 

clectncd Miimililion of cotitrv to 
study, 161, 1C2 


Tract (continued) 
pyramidal (continued) 
function (eonltnued) 
operates in cross lolationshtp on the 
evtremitie-., but bilaterally on axial 
musciilatuie, 169 

oiganired both m space and in time, 
169 

oiganized to control diacicte move- 
ment. 161 

intermingled with pvtrapviamidil fibeis 
from areas 4, 4 s, and />, 147, 156 
in inCeinai cap'ulc, 145 
ipsilateial fibeis, 145 
lifnal ero-scd. 145 

lesions, in atheiOBeleiotic p iik.m«omsiu, 
449 

atrophv results from, 49 f 
Rabmski response, 171 
bone development nomul ifter, 167 
diaKtio«tic signs. 16S 
hypotonic piresis produced m cluni;nn* 
zee. 165, 166 

in man, ch'sical syndrome in eonti.i«t 
to unilateral lesion, 168 
llatunnn’* case, 167, 486, 468, 489 
uncomplicated, no ci»p on record, 167 
unilateral, first case on lecoril, 167 
m monkey and eit inoduces hyiiotonie 
pjiesis, 163 

mu'Cular atrophy witli, m ch»niv\iitcp, 
166. 167 

jvittial, forced groping in man not abol- 
ished, 442 

tremor not abolished 451 
pviAtfudal cells of piccontral motor 
eoifpx, efTcct on, 147 
iXMilts of, 163 

iroiiior and rigidity may coexist with, 
451 

vasomotor reactions, cfToct oft, 161, 165 
loss of fibers after destruction of area 
pO'tcentra! region, and inrietal 
cortex, 147 

in iii-imiiials, luglier, found in Jowc'-t 
sicfil levels, 145 

motor development in infint monkey in 
relation to, 479 

moieinint. inv ohint uy, iclition to, 4S9 
topicillv oigjnirtcl contiolled bv , ICl 
mitme, 153 

ongm. 146, 147, ISZ. 155, 46t 
.irea 4, 141. 146, 153, 428 
urc.i 4, area 41, and pirietul lobe, 40> 
bj'-al ginglia 111 rabbit, 4CG 
tomcal, 152, 151, 15.1 
hi'toneal dal i, 428 
m man, 466 
not from irt-.i fi, 403 
other thin urea 4, 152, 428 
|io-tccntral. 153 
Hol.indic arcn, 147 
'ubcortical, 140 151 15j 
piTietvl lobe, ronlribuU» fibers to, 153 
aieord -en'itizilion ninli ini-iiu. I5> 
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Tnct (con/inwed) j 

rjramidal icoittinued) \ 

pojJccntr.il component, fimctionil 

significance. 155, 172 i 

prep3Tamid'il collitcnds of, 147 
projection sj’jtem. of precentral area* . 
di.igrammitic prcsent.'ition, 13S 
from precentral motor cortex to pon> I 
and cerebcllurti. 27(1 , 

protrrcssiie extension in jiibhunian pn- | 
mates 153 154 

‘■px'TAniuW fibers may not be sxnoax- | 
moil- iMtIi cortico'pmil. 155 I 

risponscs from rehted cortex spicrmjr i 
mcdulhry pxT-iraids eliminate' 160. ' 
162 

'cittoning: (Sti nf^o dcstnufion. nbon > 
.ibolished tremor of parkimonism 44*) | 
mfiiience on rc'iilts of stimulation ot I 
prccentr.il j:\rii-', <174 475. 479 
in spin.il cord, tiboli'hed tremor 401 | 

'liiienog no effect on. 301 i 

sinsile fibers ni.i\ c.irr\ innmKc' ixipiblc 
of produems larieti ol effects 160 I 
stinuilition nio'cuicnt' elicited troin.tCK I i 
arranced in doi'oiucdiil xcntroliteral i 
order. 159 i 

structure. 151 | 

terBiinition. 66 406 
upon intcrfalatiHl neuron' 145 
in pontine niiilei md nNo id meiKiIli | 
oblo&fRiti 155 

ID spinil cord on mtemimiul neuroo , 
15S I 

• topographic il .imingemcnt ot hber* 
within. 157 

tremor of parkin'oni'm medtited iia 451 | 
452 I 

lentnil uncro'sed 145 ‘ 

rubrospin.ll. section .iboli'lit'd tremor of I 
p.irkinsoni'm 449 

spinocerebellar, section aboli'lied tremor ot I 
pirkm»oni'ni. 449 

spmothihmic section aboli'htd tremor ol I 
parkin«oni'tii 449 

struto-oliiarj . 2S9 ' 

temporo-pontme (Turck"' bundle), 140. 141 I 
142 144. 2S0 

wi wxe^n-xV Y-evVviMU ^ 

paricto-pontine^fiber' form m m iD 2S7 ^ 

tr.iciUK nerxc tract', method' 135 
Tr.insition zone. Sec Zone of tnu'itiop I 
Transition il are.i. S'C Arei^of lerebril cortex | 
Trapezoid bodi . tcsimcnt.il fibers disippear ] 
at lei el of. 144 
Tremor, 

action. See intention, bclou' 
at rest, 319 ff {Stc n/>o P.iraUsis agitan'i ) I 
defiaition. 400 I 

disappeared after hemiplegia. 397 [ 

intention tremor mii occur simultane- 
ou'U . 400 ■ 1 

cerebellar, relation to piecentril motor , 
cortex 2S6 ' 


remor {conltnucd) 

combined with rigiditi in ic'ion' of jn- 
ramidil tract, 451 

ol deeercbelljtion affected bi abl.ations in 
precentral motor cortex. 274 
effict of emotions on, 296 
pxjierimental production 273 
intention (action). 399 ff 
abolished fax rctnoxal of prcceiitral motor 
coitex in monkec. 2S6 400 
definition 400 

follows destruction of ccrebcUo'dcntato- 
rubro-tlialaniic fiber bimdle, 401 
neural mcchini'ra. 403 (dug ) 
mth tremor at re-t 400 
mii'Ciiljr result of rcmoiinj: infliienic of 
cerebellum on cerebril coitcx. 131 
partial iniolicment of p'ramtdil tract doC' 
not aboli'h. 451 

prccentrd motor coitcx. rchtion to, 2S6, 
309 

static, definition, 400 

'Vruptom of cerebellar Ic'jons in mm, 290 
tx'pcs 399 ff 

treatment, cerebril operation' 402 
dc'truction of latiduc niiclcu* mcffectii c, 
402 

exci'ion of area 47. 402 
of t iud.ite nucleii'. 402 452 
of cortex anterior to irea 4 ineffectiic 
402 

of t'reccntrd ttxni' reduce^ 401 
of precentrd motor tortex 400 401 
‘arm nrei. Biici s Ci'C 3, 360 
proi ime mfihntion of premotor’' region 
did not relicie 402 

'CctiOQing piraiiudal trait lU spin d cord, 
401 

Tribrouiethanol nith amilcne hidrate Sn 
Ancsthesii aicrtin 
Triph isic elcctni d record, double SS 
simple. 89 

Tnoae O «tiimilatpd braiD' of three patients 
after iblation of abnornui focus, 246 250 
Trolard lem of ^■elns 
Trunk, representation m preicntral motoi 
cortex 349 

Tumor* affect precentral motor lortex, 427 
Tcbck. L, Cirsi to ob'crxe relxtion of twnii- 
plegia to piramidal tnct lesion, 15S 
pxnniidil tract 135 

* PjTaniideQ-stranii and Pj ranudcn-scitcn- 
'trang ' 151 15S 

Turck’s bundle. Set Trait temporo-pontme 
Turner W TOurse of central sulcu* 30 
Two-point di'Crinim'ition, season loss from 
remoiai of precentral motor cortex. SS3 

“U” fibers. 'Cen in area <?, 114 
ncer. Sre Duodenal ulcer. Stomach ulcer 
Vni'tmtc cortex ilefined. 36 
‘ Upper motor neuron Ic'ion ’ u'O of term, 
462 

Unnirv bladder *S«» Bl idder 
Urination, control of bi precentrd motor 
cortex 393 



614 


The Precentral Motor Cortex 


Urination (continued) 

disorders, from bilateral lesions of areas 4 
and 6, 441 

foci of bladder in paracentral lobule, 350 
incontinence, effect of prefrontal lobotomj', 
302 

^\ith frontal Jobe tumor, Case 8, 442 
Urticaria, lelated to emotional stress, 206 
U\ula of cerebellum, See Cerebellum 


van Erp Taalman Kip, M J., relalne cell 
density m cortex of rodents, 61 
VAN Wacenev, See AVagenen 
Vascular discisca, affect the precentral motor 
cortex, 427 

chromatoljsis from, 136 
Vasomotor mccbani'm, 
chini’cs, acid-hise altciation atrompanied 
b>, 258 

cerebral coitcx after destruction of, 2f® 
\Mth hemiplepias, ca®o report. 2OT 
with lesion®, of area 6. 417, 4J9. 446 
of parietal lobe, 446 
precentral, 444, 445 
of precential motor coitev 383 
pjramidal, 164, 165, 167, 171 
control, pre- and po'tcentral cortices lole 
in, 172 

precentral niotoi coitex, lole m. Ken- 
nnds observation, 390 
lirefronta! lobotomv, effect on. 302 
pj’nimidal tract, influence on, 171 
\ ,i«oconstriction, reeiilt of pjramidal lesion®, 
164, 165 

\ ,i«odilation, m licmiplcifi i, ca-e report, 2'i7 
re«iilt of cerebral lesions 299 
result of pjramidal Ic'ion®, 161. 165 
voluntary control of autonomic functions, 
296 

Vein* (8cc alto Arteries > 
drainiRC of precentr.al motor cortex, 63 
(Tieal anastomotic vein of Trohrd, 61, 340 
supjilj of eercbril coitex 63 (illus) 
VenlTolateral nvielcu®, bie Thalamus 
lo'icil sphincter, Soc Sphincter 
Vc'tibiihr mccliini'm, effect on eje move- 
ment?, 320 

-vstcni, nrchioercfTelliim connected uitli, 291 
Ic-tibuhr niiclou', .SVe Xucleus 
Vr^tihulo-ccrebelUr connection'., *Scc Fibers, 
VihuiJ.iorL, ve.rccpf inn of, 10's frooi excision <i£ 
pricentnl motoi cortex, 3S3 
ViLTs 11 K, elinvcid s-yndroiws of tlvc jhc- 
crntnl motor cortex, 417 
\i'eira, iicfivitv incrci®ed, with conditiomd 
to sound 302 

^■l'lotl (.S( e oUo 1 jcs; Vi-uil cortex ) 
ilefcct. none ifter removal of frontal eje 
fields m cliiiup inrcc. 32.8 
lo'S forceil sroinns disijii>cir' with, 412 
Vi'iiil cortex (Si! oho Optic pitimay; 
Trait, optic ) 

of c it electric il reiordini: from. 99 
of r.bbit, eell® with «hort axon® in. 101. 102 
(llIU') 

( i to irrhitei Ionic liimt® of, 9S 
Vi-iio'cn'orv bind ft of Llliot Siiiilli 231 


Vitamin deficiencv, effect on coiticil function, 

255 

Vocal coid® difficulty m control of, with 
lesion of area ii. 420 
Vocalization (See else Speech) 
obtained by stimulating prcccntial pjius, 

351 

VoCT, C , and Voot, O , area 4o as p irt of 
are.i ff, 49 

area 4T. nijeloirchitcctiire, 34, 36 
recognized three sublajers, 37 
area 6a and 6b, in micaque, 18 
area 6aa and Oaft, designations vised bj , 5 
area 6aP. 51, 140 
arei 6b designated by, 5 
areiCba and 6b ft. 27 

area 8, demonstrated supprcssoi effeit. 319 
extent m their map, 336 
area Safts of, front il eye fields identified .is, 
in man, 329 

•iiea corresponding to aiei 8, 72 

area giganto-cellulaii', nijcloarclulccliiic, 

36 

architecture of leicbral coitex 10 
brain of alouitt-i, 15 
course of ccnti il «iilciis, 23 
cj'toarchitecturc. fiontal eje field', 335 
extreme pircellation of cortex, 25 
fiontal eje fields able to «uiicnmiioxo thou 
activitj iii>on vestibular np)uratU', 320 
Oil} area, 35 

inexeitible precential field®, 316 
loc.ition of fiont il eje fields in monkc.\, 
312, 313 
mxp«, 

ccrebial coitex, m man, on biais of 
monkeys eoitex, 336, 315 
numbering sjsicm, 69 
cjtoarchitccturU and functional bubdivi- 
«ion in monkcj, 266 
cjtoarchvtectUTal {vreix in min, 261 
disagree with maps of Brodmann and of 
von F)conomo md Ko’kina®, 336 
excitable arevx oC human cortex, adapted 
by roer-tcr 264 
hemisphere of niouatta, 15 
precentral motor cortex, vh-<reinm.ipRi 33 
motor cortex of aloii itt i 16 (illii® ) 
not able to confirm *Mn(t and Sclnfcr’s 
subdivi'ion of frontal c\c fields, 315 
precontral motor cortex in nnii, 32 
Milci stand m liefinite relition to nrc.i®’ 67 
zoni complexa, in front d eve fields, 310 
Vr^fs arcis of, Str Arcts of ctrrbrd coitex 
VON Homs, .SVe Bonm 
NON Fconoxio. Si.i I'lonoiiii) 

Wagenen, W. P. van, (ffoct' of MCtion of 
forptis « illo'iim on ejiileptic sciziiris, 211 
Wauwvik. V , fir't to U'e tia nime "fronlo- 
orbit il siilcii®,'' 31 
45 vi.k>R. A Uviii . XII 

affeixiit connrclioiis to prucntid motor 

cortex. Ill 
am 41.70 

corrc'j'Onds to arc i 4' m ilnmp inzce, 219 
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WALKER, A. E {contimted) i 

areas in the macaque coTTe^pondiug to j 
frontal suppressor area, ”2 
deep annectant gjTUs between upper and t 
middle thirds of central sulcus not 1 
obscr\ ed. 30 

fissures of chimpanzee's brain, 2T 
naaps, chimpanzee 'Beckv, ’ 122 
chimpanzee ‘Suzanne,’ 126 
cNcision and subapical dissection of 
cortex. Case 1. 116, 117 
“orbitofrontal sulcu*.' 31 
sulcus operculari« 32 
terminolog.i for thalamic nuclei, 5 
thalamo-corfical connections m nionkex 
and chmipanrce 2S4 (dug ),2S5 (diag ) 
Walking, possible after renioial of one 
cerebral Jicmisphere. 3S6 
WiLSJiE, r M R . ca'c of exci-ion of pre- 
central g\nis, 356 

Ward, A A, Jr, simultaneous r€>'pon'es of 
eight rau'cles of ankle joint 471 
Alar wounds, of head, epilejitic attacks after. 
21S 

\V\Tis, J prefrontal lobotomx in 
psjcho'cs. 302 

Hare', See Electroenceph ilogram. alpha 
waica 

Weakne—. focal, clinical nniptonis of Jcsioiis 
m area 4. -113 

Weigcrt s method', tracing fiber <lcgeiiei.itioD 
bi. 135 

Weight. See Body, length ind weight, Bi.ud 
weight 

Webmcke, conception that nioiement' are 
induced from cortex bi ‘motor imago. 
206 

motor image' result from clcctiic stimula- 
tion of cortex, 200 

White matter, coniuNion*. relition (o 195 
cxcitabilitj . 192 

stimulation, of biam afTects, HerraanDs 
ob-etxations, 175 

of brain surface docs not affect, 191. 193 
convul'ioiis may bo c.ui'cd, Albertonis 
report, 195 

effect compared with that of stimulating 
the gray matter, 209 


White matter {continued) 
gtinralation (coniiniicd) 
electrical, in newborn, 193 
rc-pon^e*, 176 

reaction time, effect on, IS5 (graph), 186. 
IS7 (graph), 189 

shorter than that of cortex, Franck- 
Pitrcs experiments 181. 191 
\\JS^ER. X, negatne feedback sjttems, 5S 
WInw^ S A Kixxieb, beliered cortico- 
spinal tract ncccs«arx’ to dei elopment of 
I chorco-athetosi*, 452 

on production of choreo-athetosi« 397 
, tonic innerration of hand wnth iesion- of 
frontal lobe. 249 

IVd-onb di'ejbC, See Hepatolenticular 
I degeneration 

WoDOLR. J H , concept of homologx , 67 
Wpol‘«ev. C X afferent impul-cs to 
' precentral cortex, 45n 

Wounds, gun-hot, of head, conMilsious after, 
248 


Ygo, G. Fv dg'tnictioD bj cauterization of 
'ariou« region' of cortex, 321 


2, siitKTior precentral etilcus dc'ignatcd d' bt 
Knkenrhat ami Ziehen 22 

z' anterior precentral sulcua designated as 23 

ZifiiEN. Tii . rami <7, 9', and o". 22 
anterior precentral sulcu« designated r* 23 
small dimple on frontal operculum called 
V 23 

superior precentral 'iilcu' de'ignatcd *. 22 
ID ilic macaque 22. 23 

Zona coniplevi of Vogts m frontal eje field', 
316 

Zona inccrta 139 

Zone mexeitable m precentral g\ni«. 326 
of Mott and Schafer in frontal eje fields, 
3IS 

of tran'iUoQ, between cortex and white 
nutter m area 47, 36 
laxer » u of Cajal, 43 

Z^.CKERM\^. S, precentral motor cortex in 
galago lemur, 14 



